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Tectono-morfologie van de Ligurische Alpen en aan-
grenzende bekkens (NW Italie¨)
De lange-termijn koppeling tussen tektonische bewegingen, welke beschouwd worden als
de drijvende krachten in het vormen van topograﬁe, en oppervlakte processen, verantwo-
ordelijk voor de afbraak van deze topograﬁe, heeft in het recente verleden veel aandacht
gekregen. Het begrijpen hoe deze interactie werkt, vraagt kennis van verschillende pro-
cessen die sterk met elkaar verwoven zijn: de tijd en snelheid van verticale bewegingen
dat het gebied heeft meegemaakt, data over hoe het omhoogkomende gebergte gee¨rodeerd
wordt en waar deze erosie producten afgezet worden. De Ligurische Alpen in NW Italie¨
zijn een voorbeeld van een gebergte keten waar deze processen gelijktijdig bestudeerd kun-
nen worden. De Ligurische Alpen worden in het noorden begrensd door de bergketens
van de Westelijke Alpen en aan hun zuidkant door de Ligurische Zee. De aanwezigheid
van sedimenten van Pliocene ouderdom op hoogtes van 500-600 m, geeft aan dat in de
laatste 5 miljoen jaar belangrijke verticale bewegingen hebben plaatsgevonden. Deze staan
in contrast met de tektonische rust waarin dit gebied zich bevonden zou hebben. In dit
proefschrift wordt een multidisciplinair onderzoek toegepast om de tectono-morfologische
ontwikkeling van de Ligurische Alpen te reconstrueren.
Het temperatuursbereik van de (U-Th)/He methode ligt ongeveer tussen de 60 en 70◦C.
Dit suggereert dat het systeem temperatuur variaties, ge¨ınitieerd door veranderingen in
de topograﬁe, in de bovenste lagen van de aardkorst zou kunnen oppakken. Om dit te
onderzoeken is een thermische studie uitgevoerd (hoofdstuk 3) waarin is onderzocht hoe
de isothermen die van belang zijn voor het (U-Th)/He systeem meebewegen met de to-
pograﬁe en hoe dit gereﬂecteerd wordt in een zogenaamd hoogte versus ouderdoms diagram.
Deze studie laat zien dat, afhankelijk van de landschapsontwikkeling, de He ouderdommen
verschillende proﬁelen ontwikkelen wanneer deze ouderdommen worden afgezet tegen de
hoogte. Het (U-Th)/He systeem zal daarom in staat zijn om (subtiele) veranderingen in
de snelheid, de tijdsspanne en ontwikkeling van landschap vast te leggen.
De tectono-morfologische ontwikkeling van de Ligurische Alpen wordt besproken in
hoofdstuk 4 tot en met 6. In de westelijke Ligurische Alpen (Ventimiglia, hoofdstuk 4)
laten detritische apatiet (U-Th)/He en splijt spoor data zien dat dit gedeelte meer dan
4 km opheﬃng heeft ondergaan vanaf het laat Mioceen tot nu. Opheﬃng vind plaats
langs een naar het noorden, onder de Ligurische Alpen wegduikende breuk die aan de
oppervlakte komt aan voet van de Ligurische marge-bekken overgang. Tussen ongeveer 7
tot 5 miljoen jaar geleden laten de thermochronologische data zien dat het gebied een kort
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durende, versnelde opheﬃngs fase heeft ondergaan. Deze versnelde fase is het resultaat
van intensieve erosie die het gevolg is van de zee spiegel daling in het Middellandse Zee ten
tijde van de Messiniaanse zout crisis. Gedurende deze periode heeft zich een breed en open
bekken gevormd in het kust gedeelte van Ventimiglia wat vervolgens tijdens het Plioceen
is opgevuld met sedimenten. Het Messiniaanse Ventimiglia bekken wordt gekenmerkt door
lage hoek (<5◦) vallei hellingen en een bijna horizontale bekken bodem. Morfologische
reconstructies laten zien dat het achterland van Ventimiglia gedurende de depositie in het
Plioceen een brede vlakte had.
In het Taggia gebied (hoofdstuk 5), laten de detritische apatiet (U-Th)/He data laat
Miocene afkoelings ouderdommen zien. De opheﬃng geschiedenis van dit gebied is daarom
gelijk aan dat van het Ventimiglia gebied bediscussieerd in hoofdstuk 4. Langs de kust
komt een bekken voor dat sedimenten van Pliocene ouderdom bevat. Dit bekken heeft een
open en brede structuur met lage vallei hellingen (5-10 graden). Twee seismische lijnen
afkomstig uit het oﬀshore Ligurische Zee gebied, en waarvan er een parallel aan de kust
loopt en de andere loodrecht, zijn geanalyseerd. De resultaten van deze analyse laten zien
dat de reﬂectoren van Neogene ouderdom in het Ligurische bekken zelf, continue en niet
gedeformeerd zijn. Deformatie is echter geconcentreerd langs de Ligurische marge-bekken
overgang en boven zoet koepels afkomstig uit de Messiniaanse zout opeenvolgingen.
De opheﬃngs geschiedenis van het oostelijk gedeelte van de Ligurische Alpen (Albenga,
hoofdstuk 6) staat in sterk contrast met dat van de Ventimiglia en Taggia gebieden. De de-
tritische apatiet (U-Th)/He en splijt spoor data geven laat Oligocene tot midden Miocene
afkoelings ouderdommen. Thermisch modelleer werk op deze data laat zien dat de oph-
eﬃng langzaam verliep, met een snelheid van ongeveer ∼0.1 mm per jaar. Het verschil
in opheﬃngs geschiedenis komt ook tot uiting in de vorm van de Messiniaanse vallei. De
Albenga Messiniaanse vallei wordt gekenmerkt door steile (∼30◦) vallei hellingen en een
V-vormige centraal gedeelte. Resultaten van seismische analyse laten zien dat reﬂectoren
in het Ligurische bekken, welke ge¨ınterpreteerd worden als laat Neogene sedimenten, schuin
staan, opgeheven zijn en deformatie hebben ondergaan. Gebaseerd op laat Neogene reﬂec-
toren langs de Ligurische marge en in het bekken, is vast gesteld dat een verplaatsing van
ongeveer 2250 m heeft plaatsgevonden langs de Ligurische marge.
De ouderdommen vastgelegd in de thermochronologische data geven aan dat opheﬃng
in de Ligurische Alpen niet homogeen is. Opheﬃng heeft tot veel later plaats gevonden in
het westelijke dan in het oostelijke deel. Dit patroon is consistent met een beeld wat ook re-
gionaal in de Westelijke Alpen wordt gezien, namelijk dat afkoelings ouderdommen afnemen
van de oostelijke (Interne) Alpen naar de westelijke (Externe) Alpen. De data weergegeven
in dit proefschrift duiden op belangrijke verticale bewegingen die hebben plaatsgevonden
in de Ligurische Alpen na aﬂoop van de Alpine orogenese; deze bewegingen zijn nog niet
eerder beschreven. De daling beschreven voor het Ligurische bekken is gerelateerd aan een
neerwaartse beweging van het Ligurische bekken zelf. Hoewel de tektonische bewegingen in
de Ligurische Alpen gerelateerd zijn aan regionale breuk bewegingen, zijn de onderliggende
geodynamische processen onduidelijk, maar waarschijnlijk gerelateerd aan de Europa-Afrika
plaat beweging.
Het werk gepresenteerd in dit proefschrift laat zien hoe een ge¨ıntegreerde aanpak kan leiden
tot een beter begrip van de processen verantwoordelijk voor de opheﬃng en erosie van
gecompliceerde tektonische gebieden zoals de Ligurische Alpen.
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Tectono-morphology of the Ligurian Alps and adja-
cent basins (NW Italy)
The long-term coupling between tectonic movements, regarded as driving forces in creating
topography, and surface processes responsible for its removal has gained increasing atten-
tion in the recent past. Understanding this interaction requires the knowledge on various
processes that are strongly interlinked: the timing and rate of vertical movements a region
has experienced, constraints on how the exhuming range is eroded and where the erosional
products are deposited. The Ligurian Alps in NW Italy is an example of a mountain range
where these issues can be addressed simultaneously. The Ligurian Alps are bordered to
the north by the elevated Western Alpine hinterland and to the south by the Ligurian Sea.
The presence of Pliocene sedimentary rocks exposed at elevations of 500-600 m indicate
that during the last 5 Ma vertical movements have occurred, which are in striking con-
trast to the general tectonic paucity in which the area was thought to be. In this thesis, a
multidisciplinary approach has been taken in order to constrain the tectono-morphological
evolution of the Ligurian Alps and adjacent basin.
The temperature range of the (U-Th)/He method, roughly 60-70 degrees, makes it likely
that this system is able to record subtle temperature variations in the Earth crust induced
by changes in topographic relief. In a thermal model study conducted to this purpose
(chapter 3), it has been investigated how isotherms relevant to the (U-Th)/He system
warp with topography and how this is expressed by He ages in an age-elevation diagram.
This study has demonstrated that, depending on the imposed denudation history, He ages
will produce diﬀerent proﬁles (or slopes) when plotted against elevation. The apatite (U-
Th)/He system, therefore, is likely to detect (subtle) diﬀerences in the rates, timing and
development of landscapes.
The tectono-morphological evolution of the Ligurian Alps is discussed in chapter 4 to
6. In the western Ligurian Alps (Ventimiglia, chapter 4), detrital apatite (U-Th)/He and
ﬁssion track data show that this segment experienced more than 4 km of exhumation from
the late Miocene onward and which is still ongoing. Exhumation is partly accommodated
along a northward dipping thrust, which emerges oﬀshore at the foot of the Ligurian mar-
gin. Between roughly 7 to 5 Ma, the thermochronological data document a short-term
pulse of accelerated denudation resulting from intense erosion in response to the Mediter-
ranean base level fall during Messinian salinity crises. In this period, an open and wide
basin formed in the Ventimiglia coastal area which was ﬁlled with Pliocene marine sedi-
ments and subsequently uplifted to its present day position. The Ventimiglia Messinian
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valley has an open shape with a low angle (<5◦) valley slope and a (sub)horizontal central
valley ﬂoor. Morphological reconstructions showed that the Ventimiglia hinterland during
Pliocene deposition had an embayment-like, wide plain.
In the Taggia area (chapter 5), the detrital apatite (U-Th)/He data yield late Miocene
cooling ages. The exhumation/denudation history for this segment, therefore, has been
similar to that discussed for the Ventimiglia segment. Along the coast, the basin hosting
Pliocene sediments has an open and wide structure with low (<5-10◦) dipping valley ﬂanks.
Analyses of two oﬀshore seismic lines, one located perpendicular and one parallel to the
Ligurian coast, showed that Neogene reﬂectors in the Ligurian basin itself are rather con-
tinuous and lack deformation. Deformation is concentrated at the Ligurian margin-basin
transition and above saltdomes originating from the Messinian salt succession.
The exhumation history of the eastern segment of the Ligurian (Albenga, chapter 6) is
in signiﬁcant contrast to that of the Ventimiglia and Taggia regions. The detrital apatite
(U-Th)/He and ﬁssion track data presented in this chapter document late Oligocene to
middle Miocene cooling ages. Thermal modelling of both He and AFT data shows that the
Albenga segment experienced slow exhumation at a rate of ∼0.1 mm/yr. The diﬀerent ex-
humation history is expressed in the shape of the Messinian valley. The Albenga Messinian
valley is characterised by steep (∼30◦) valley ﬂanks and a V-shaped central part. Seismic
evidence from the oﬀshore Albenga area shows that reﬂectors in the basin, interpreted as
late Neogene sediments, are tilted, displaced and deformed. Based on the late Neogene re-
ﬂectors present along the Ligurian margin and in the basin, a post-Messinian displacement
of 2250 m along the Ligurian margin has been documented.
The ages documented by the thermochronological data indicate that exhumation in
the Ligurian Alps cooling is not homogeneous but continued until much later stages in
the western Ligurian Alps than in the eastern segment. This pattern is consistent with a
regionally observed trend within the Western Alpine domain, which shows a decrease in
cooling ages from eastern (Internal) Alps towards the western (External) Alps. The data
produced in this thesis point to signiﬁcant vertical motions in the Ligurian Alps following
the main phase of Alpine orogeny that have been previously undetected. The subsidence
detected in the Ligurian basin is attributed to a downward movement of the Ligurian basin
itself. Although the tectonic movements in the Ligurian Alps are related to regional thrust
tectonics, the underlying large scale, geodynamic processes remain open, but they likely
result from the Europe-Africa plate motion.
The work presented in this thesis show that an integrated study can contribute signiﬁcantly
to the understanding how tectonic movements interact with local, surface processes in
complicated tectonic settings like the Ligurian Alps.
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Introduction
1.1 Introduction
1.1.1 Tectono-morphology and surface processes
The interaction between large-scale tectonic movements, regarded as driving forces
in creating topography, and surface processes responsible for its removal, gained in-
creasing attention over the last decade (e.g, Beaumont et al., 2000; Garcia-Castellanos
et al., 2003; van der Beek et al., 1995). Several theoretical and case studies have
demonstrated that there is a strong coupling between tectonic forces acting on a
deeper (crustal/lithospheric) scale and the surface expression of (local) relief for-
mation (e.g., Bertotti et al., 1997; Burov and Cloetingh, 1997; Garcia-Castellanos,
2002; Gaspar-Escribano et al., 2004; Koons, 1989).
The availability of increasingly accurate information on the exhumation paths ex-
perienced by rocks (and regions) constrains the rates and timing of landscape evolu-
tion with respect to the tectonic forces controlling them. Especially low-temperature
thermochronometers, such as apatite ﬁssion track or the recently rediscovered (U-
Th)/He method provides constraints on the rates and processes in the formation of
landscape. The utilisation of the apatite (U-Th)/He system has grown rapidly since
its development as a low temperature thermochronometer in the last few years (e.g.,
Armstrong et al., 2003; House et al., 1998; Persano et al., 2002; Reiners et al., 2002;
Spotila et al., 1998; Stockli et al., 2002; Wolf et al., 1997). The combination of dif-
ferent thermochronometers such as the (U-Th)/He and ﬁssion track systems allows
a full coupling between longer-term exhumation rates an area is experiencing (those
which are likely to be detected by higher temperature thermochronometers) and
shorter-term morphological changes resulting from, for example, climate changes
(possibly detected by lower temperature thermochronometers, e.g., Braun, 2002;
House et al., 1998; Reiners et al., 2002; Reiners et al., 2003).
The Italian Ligurian Alps, situated at the southern portion of the Western Alpine
chain, (Fig. 1.1) are a suitable location for studying such issues. At present day, the
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along strike morphology of the Italian Ligurian Alps (Fig. 1.1b) shows some remark-
able diﬀerences in expression from west to east. In the western segment, the Ligurian
Alps are characterised by fairly steep and well-incised valleys. Mountains bordering
the Mediterranean sea have elevations up to 600-700 m, while a few kilometres in-
land they reach a little over 1500 m. Towards the east, however, the morphology of
the Ligurian Alps is signiﬁcantly diﬀerent. Here, the coastal region has low relief,
with elevations up to 200-300 m and has open and wide valleys. Inland, elevations
reach up to 500-800 m, while mountains exceeding 1000 m are not found for at least
30 km away from the coast. This contrast in the morphological expression suggests
that the two segments of the Ligurian Alps might have experienced a very diﬀer-
ent (recent) tectonic evolution. The Ligurian Alps therefore allow for the testing of
diﬀerent modes of landscape evolution in response to changes in tectonic setting.
In order to study the above-issues a multidisciplinary approach has been adopted
in this thesis, integrating thermochronological studies with structural and sedimen-
tological observations combined with geomorphologic studies, seismic interpretation
and modelling. The main aims of this thesis are: 1) gaining a better understanding
of the timing, rate and amount of post-orogenic vertical movements that have oc-
curred in the Ligurian Alps following the main phase of Alpine orogeny, 2) study the
morphology and origin of several small basins hosting Pliocene sediments along the
Ligurian coast, 3) understanding the kinematics and mechanisms that control the
Neogene to present exhumation history of the Ligurian Alps and subsidence in the
adjacent Liguro-Provenc¸al basin, 4) reconstruct the mode of long-term landscape
evolution in the Ligurian Alps and 5) use the low temperature (U-Th)/He ther-
mometer to study the interplay between large scale tectonic processes and externally
induced (base level fall, climate changes) morphological surface modiﬁcations.
1.1.2 The Ligurian Alps
The NE-SW trending Ligurian Alps (Fig. 1.1b) are located at the junction between
the Western Alps to the north and the Liguro-Provenc¸al basin in the south. Towards
the (north)east, the Ligurian Alps are bordered by the Apennines and the western
Po plain. Following the major Alpine contraction stages, the Ligurian Alps were
involved in the rifting and subsequent ocean spreading between the alpine mainland
and the Corso-Sardinia block.
Although the tectonic evolution of the areas surrounding the Ligurian Alps (the
Western Alps, the Liguro-Provenc¸al basin and Apennines) have been well studied
and are relatively well understood (Bigot-Cormier et al., 2000; Bogdanoﬀ et al.,
2000; Carrapa, 2002; Gueguen et al., 1998; Laubscher, 1991; Mauﬀret et al., 1981;
Re´hault et al., 1985; Seward and Mancktelow, 1994), the tectono-thermal evolution
of the Ligurian Alps itself, following the Alpine contraction stages, has received little
attention. This is mainly because it has been assumed that following rifting and
subsequent ocean spreading the tectonic evolution of the Ligurian Alps has been
relatively unimportant (Dewey et al., 1989; Gueguen et al., 1998; Vanossi et al.,
6
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Figure 1.1: A. Digital elevation image of the Western Mediterranean region. White block
indicates the Italian Ligurian Alps. B. Digital elevation image of the Ligurian Alps in NW
Italy. White lines show the location of the studied transects near Ventimiglia (Chapter 4),
Taggia (Chapter 5) and Albenga (Chapter 6).
1994). Although a large sedimentological and structural database on the diﬀerent
Ligurian Alpine units exists (e.g., Bonazzi, 1987; Boni, 1986; Boni et al., 1984; Di
Gulio, 1992; Galbiati and Cobianchi, 1997; Marini, 1984, 2000; Merizzi and Seno,
1991; Piccardo, 1984), data on the tectono-thermal evolution are restricted mainly
to the eastern Ligurian Alps (e.g., Barbieri et al., 2003; Carrapa, 2002; Del Moro et
al., 1981; Messiga et al., 1989). The western segment of the Ligurian Alps has, up
to now, been virtually unexplored (Vance, 1999).
The notion of limited tectonic activity in the Ligurian Alps since the Alpine con-
traction stages is in contrast to the presence of Pliocene marine rocks (e.g., Boni,
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1986; Breda, 2002; Gnaccolini, 1998; Marini, 2000) presently outcropping in for
example the Ventimiglia area at roughly 500 m. This demonstrates that signiﬁcant
vertical movements have occurred since Pliocene times. That deformation in the Lig-
urian Alps and adjacent Ligurian basin continues today is indicated by the presence
of several earthquakes recorded in the Ligurian Alps and proximal oﬀshore (e.g.,
Bethoux, 1992; Bethoux et al., 1992; Courbelaux et al., 1998; Eva and Solarino,
1998; Eva et al., 2001).
1.2 Outline of the thesis
Following this introduction, in chapter 2 the geological setting and tectonic evolu-
tion of the Ligurian Alps and surrounding areas within the western Mediterranean
realm is presented. Chapter 3 is structured in two main parts. In the ﬁrst part, the
application and underlying principles of the (U-Th)/He and ﬁssion track thermome-
ters are discussed. The second part of chapter 3 includes a thermal model study on
the perturbation of shallow temperature (i.e. the isotherms of interest to the (U-
Th)/He system). In this study, it is investigated how these isotherms deﬂect when
topography develops and how this is expressed by the He ages in an age-elevation
diagram.
Chapters 4 to 6 form the core of this thesis, in which the late Neogene to Present
tectono-morphological evolution of the Ligurian Alps are being discussed. Each chap-
ter addresses thermochronological, structural, sedimentological and (geo) morpholo-
gical results obtained along a transect, acting at high angle to the Ligurian coast (Fig.
1.1b and Fig. 1.2). The thermochronological data reveal the exhumation history of
the Ligurian hinterland. These results are integrated with structural, sedimentologi-
cal and (geo)morphological observations on the basins hosting the erosional products
of the uplifting hinterland, the Pliocene marine sediments. While the morphology
and sedimentary inﬁll of the basin likely records larger scale tectonic processes oc-
curring in the hinterland, the Pliocene sediments also provide important constraints
on the absolute position in time and depth of the rocks underneath them. Where
available, the results are complemented with interpretations from seismic lines in the
oﬀshore Liguro-Provenc¸al basin, in order to connect the onshore with the oﬀshore
domains. In chapter 4 the Ventimiglia transect, the westernmost segment of the
Ligurian Alps is discussed. Chapter 5 discusses the results of the Taggia transect,
while in chapter 6 the Albenga transect is presented (Fig. 1.1b).
In chapter 7 the results of the three transects are integrated in order to obtain a
4-dimensional (in space and time) image of the Neogene to Present evolution of the
Ligurian Alps and adjacent basin. The integration of these data allows predictions
on the interaction between the large-scale tectonic processes controlling exhumation
and the morphological, surface expression.
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Figure 1.2: Cartoon illustrating the source-sink relationships addressed in this thesis.
9

Chapter 2
Geological setting
2.1 Introduction
The Italian Ligurian Alps are a NE-SW trending mountain chain located at the
southwestern extension of the Western Alps (Fig. 2.1). Resulting from African-
European continental collision, the Ligurian Alps at present are located in a complex,
but key segment within the (western) Alpine geological setting. In the north, the
Ligurian Alps are bordered by the western Alpine arc and its sedimentary basin
systems: the Tertiary Piedmont Basin and Po plain. To the south the Ligurian
Alpine chain is bordered by the Liguro-Provenc¸al basin, while towards the east,
the Apennine chain is located. In this chapter, the main structural elements and
structural evolution of the Ligurian Alps and its surrounding areas are discussed.
2.1.1 Regional tectonic framework
The earliest processes culminating in the formation of the Western Ligurian Alps
began in the Late Triassic when the Pangaea super-continent underwent continental
rifting (Fig. 2.2a, Debelmas, 1989). This late Triassic tectonic phase resulted in
the western Mediterranean region in a complex setting of several larger and smaller
(micro) plates, of which Eurasia, Africa, Adria and Iberia are the most important
(Fig. 2.2a, Frisch, 1981). Continued extension in the mid Jurassic lead to oceanic
spreading between the African and European plate.
In the western Mediterranean region, spreading resulted in the formation of a
NE-SW trending basin, known as the Ligurian-Piedmont basin (Fig. 2.2b, Debel-
mas, 1989; Dewey et al., 1989; Frisch, 1981). Ocean spreading continued until Ceno-
manian/Turonian times, when the African plate movement changed to northward
direction relative to the European plate, resulting in a change from an extensional
setting to convergence (Fig. 2.2d, Debelmas, 1989; Dewey et al., 1989 and refer-
ences therein). The northward directed plate motion of Africa lead to subduction
of the European plate under the African plate and the subsequent closing of the
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Ligurian-Piedmont ocean (Debelmas, 1989 and references therein). During subduc-
tion, kilometres thick successions of ﬂysches, presently known as the Helminthoid
Flysch, were deposited in the narrowing Ligurian/Piedmont basin (Debelmas, 1989;
Merizzi and Seno, 1991).
The ongoing north directed movement of the African (i.e. the Adriatic mi-
croplate) with respect to the European plate resulted in the Late Eocene in con-
tinent collision between Adria and Europe (e.g., Dewey et al., 1989). Deposition of
clastic material continued in the foreland basins developing in front of the collisional
belt (Debelmas, 1989). During collision, parts of the (Helminthoid) ﬂysch sediments
were stripped oﬀ and escaped the Eocene Alpine high-pressure metamorphism, while
other parts of the Ligurian-Piedmont Upper Cretaceous sediments (and the under-
lying rocks) were transformed by the Alpine metamorphism to schists (the Schistes
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Figure 2.1: Digital elevation map of the western Mediterranean region, with superimposed
the present day major structural elements. The Ligurian Alps are conﬁned by the white
box. WA = Western Alps, EA = Eastern Alps, AP = Apennine chain, CS = Corso-
Sardinia, PY = Pyrenees and Catelan Coastal Range, BC = Betic Cordillera, AM = Atlas
mountain chain. Oceanic domains: AS = Alboran basin, LP = Liguro-Provenc¸al basin, TS
= Tyrrhenian basin, VT = Valencia trough. Structural interpretation after Gueguen et al.,
1998; oceanic crust in the Liguro-Provenc¸al basin after Rollet et al., 2002.
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Figure 2.2: A-E: Paleotectonic reconstruction of the western Mediterranean and Atlantic
regions from the late Triassic to early Oligocene (after Frisch, 1981, adopted from Carrapa,
2002). EU = Eurasia, NA = North America, GR = Greenland, AF = Africa, LA =
Laurasia, IB = Iberia, AD = Adria, BR = Brianc¸onnais, CS = Corso-Sardinia. Oceans:
TE = Tethys, CA = Central Atlantic ocean, LP = Liguro Piemonte ocean.
lustre´s). Ongoing collision of the Adriatic microplate with the European plate re-
sulted in the emplacement of the Alpine nappes. During collision, the Adriatic
microplate rotated counter-clockwise (Fig. 2.3), which resulted in the roughly N-S
trending Western Alps and its southern continuation, the Ligurian Alps (Laubscher,
1991; Laubscher et al., 1992; Vanossi et al., 1994).
Continuing counter-clockwise rotations in the Western Alps moved by the end of the
Eocene the Ligurian Alps into a position south and west of the Western Alps. From
this moment, the Ligurian Alps are not the southern continuation of the Western
Alps, but form rather a separate branch of the Alpine system (Laubscher, 1991;
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Figure 2.3: Rotation of the
Adriatic micro-continent into
the European plate during the
late Oligocene to early Miocene.
Solid arrows are kinematic vec-
tors and their components of
Adria with respect to Europe.
Superimposed is the rotation
of the Corso-Sardinia block
(dashed arrows) and the re-
lated opening of the Liguro-
Provenc¸al basin. Dashed line
represents present-day position
of Apennine thrusting. Pyr =
Pyrenees (ﬁgure modiﬁed after
Laubscher et al., 1992).
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Laubscher et al., 1992).
Roughly around the Late Oligocene-Early Miocene, changes in the kinematics of
continental fragments resulted in a change from a contractional to an extensional
regime in the western Mediterranean region (Re´hault et al., 1984). The extensional
regime lead to the opening of several basins that become younger eastwards: dur-
ing the late Oligocene-early Miocene the Valencia, Alboran and Liguro-Provenc¸al
basins opened (Gueguen et al., 1998 and references therein), followed during the
Late Miocene to Plio-Pleistocene by the opening of the Tyrrhenian basin (Kastens
and Mascle, 1990; Spadini et al., 1995). All these basins formed in a back-arc set-
ting in response to a southward trench migration of the Eurasian-African subduction
zone (Dewey et al., 1989; Faccenna et al., 2001; Gueguen et al., 1998; Jolivet and
Faccenna, 2000; Rollet et al., 2002). In the Liguro-Provenc¸al region, the opening of
the basin was accompanied in the early Miocene by a counter-clockwise rotation of
the Corso-Sardinia block (Fig. 2.4).
Ongoing rifting lead in the early Miocene to ocean spreading and the formation
of the Liguro-Provenc¸al ocean, although the exact timing of onset of ocean spreading
remains a point of discussion (Chamoot-Rooke et al., 1992; Gueguen et al., 1998;
Speranza et al., 2002; Vanossi et al., 1994). Ocean spreading of the Liguro-Provenc¸al
Basin continued until the Middle Miocene (Speranza et al., 2002) thereby ending the
last major phase of Alpine tectonics in the Ligurian Alpine region.
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Figure 2.4: Paleotectonic reconstruction of the western Mediterranean region from the
Oligocene to present. Grey shaded areas in ﬁgures represent oceanic crust (modiﬁed after
Jolivet and Faccenna, 2000).
Tectonic activity continued in the Western Alps as evidenced by the exhumation
of the External Crystalline Massifs (ECM) during the Neogene/Quaternary (e.g.,
Bigot-Cormier et al., 2000; Bogdanoﬀ et al., 2000; Seward and Mancktelow, 1994;
Tricart et al., 2001). Exhumation of the ECMs is thought to be accommodated along
the Frontal Penninic thrust (FPT, Fig. 2.5), a structure separating the tectonic dif-
ferent domains of the internal Alps from the external Alps. Although initially formed
as a thrust involved in the emplacement of the Alpine nappes, the FPT is currently
considered to be reactivated as a normal fault (Seward and Mancktelow, 1994).
Present day GPS strain measurements (Calais et al., 2002) show that the central
part of the Western Alps is currently undergoing ∼1 mm/yr of east-west exten-
sion, while its southern part (including the Ligurian Alps) is experiecing ∼1 mm/yr
of north-south to northwest-southeast compression. Earthquake focal mechanisms
(depth < 25 km), show that the Western Alpine area (and Liguro-Provenc¸al basin)
is currently undergoing NW-SE compression (Bethoux et al., 1992; Eva and Solarino,
1998; Eva et al., 2001).
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Figure 2.5: Tectonic map of the Ligurian Alps and adjacent areas. 1 = Alpine External
Crystalline Massifs, 2 = main Pliocene basins, 3 = normal faults aﬀecting the Ligurian
margin, 4 = meso Alpine fold axes, 5 = neo-Alpine buried fold axes, 6 = thrusts. NCA
= Nice Castellane Arc, MM = Maures-Esterel Massif, NT = north dipping thrust (Bigot-
Cormier, 2002), FPT = Frontal Penninic thrust, DT = Digne thrust. Black box indicates
the detailed geological map of Figure 2.6. Map modiﬁed from Vanossi et al. (1994).
2.2 The Ligurian Alps
2.2.1 Structural setting
The Ligurian Alps can, from east to west, be subdivided into four main structural
units (Fig. 2.5 and 2.6). The NE part of the Ligurian Alps, at the junction with
the Apennine chain, is formed by the Voltri group ophiolites. These metamorphic
gabbro-peridoditic units represent remnants of the oceanic and sedimentary cover
of the Triassic/Jurassic Ligurian-Piedmont basin (e.g. Hoogerduijn Strating, 1991;
Piccardo, 1984; Vanossi et al., 1984).
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Figure 2.6: Detailed geological map of the Ligurian Alps. Modiﬁed after Vanossi (1984).
The Brianc¸onais/Piedmont and Penninic Zone forms the central part of the Lig-
urian Alps. It consists of a tectonic complex which records the pre-Alpine his-
tory of the European crust related mostly to the Variscan orogeny and Triassic-
Jurassic Ligurian-Piedmont oceanic evolution (Vanossi et al., 1984). The Brianc¸on-
ais/Piedmont zone includes a crystalline basement and a Permo-Cenozoic cover.
The Ligurian-Piedmont oceanic sediments of the Brianc¸onais unit were aﬀected by
high pressure Eocene Alpine metamorphism (Schistes lustre´es, e.g., Vanossi et al.,
1984). The Penninic zone represents part of the Ligurian-Piedmont oceanic crust
and consists of metamorphosed ophiolites (e.g., Vanossi et al., 1984).
The Helminthoid Flysch Zone is the third tectonic unit identiﬁed in the Lig-
urian Alps. The Helminthoid Flysch consists of Late Cretaceous (calc)arenaceous
ﬂysches that were deposited in the narrowing Ligurian-Piedmont basin at the onset
of Europe-Africa subduction (Di Gulio and Galbiati, 1985; Galbiati and Cobianchi,
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1997). During Alpine collision, the Helminthoid Flysch were scraped oﬀ from the
underlying basement, thereby escaping high pressure Eocene metamorphism (Debel-
mas, 1989; Laubscher, 1991; Vanossi et al., 1984). The Helminthoid Flysch unit is
structured in four smaller units, superimposed along, at present, generally southeast-
ward dipping thrusts (Di Gulio, 1992; Galbiati and Cobianchi, 1997; Vanossi et al.,
1984, see also Fig. 2.6). From the lowermost to the uppermost unit, the Helminthoid
Unit consists of the Colla Domenica unit, the Borghetto, unit, the Moglio-Testico
Unit and the San Remo unit (Vanossi et al., 1984). Structurally, the San Remo unit
largely diﬀers from the lower units, as it has a quite simple overall structure with
large scale, relative open south verging folds (Lanteaume, 1968). The other units
are characterised by multiphase ductile-brittle deformation (Vanossi et al., 1984 and
references therein). The emplacement of the diﬀerent units occurred sequentially
and initiated contemporaneously with the deposition of the ﬂysch during the clos-
ing of the Ligurian-Piedmont basin and lasted until the middle Eocene (Di Gulio,
1992). Maximum metamorphic conditions experienced by the Helminthoid nappe
range epizone to anchizone, whereby a general increase in metamorphic imprint
from the uppermost unit (diagenesis metamorphic conditions, San Remo unit) to
the lowermost units (epi-anchizon, Colla Domenico unit) is observed.
The southwesternmost unit distinguished in the Ligurian Alps is the Dauphinois-
Provenc¸al unit, a pile of north verging Mesozoic and Tertiary nappes. The Dauphi-
nois -Provenc¸al unit, separated from the Helminthoid Flysch unit by the Frontal
Penninic Thrust (Fig. 2.5), consists of a Meso-Cenozoic cover and a crystalline base-
ment (Fig. 2.6). Orthogneisses and granites of the Argentera Massif form the crys-
talline basement. The Meso-Cenozoic cover, representing the European Tethyan
paleomargin, mainly consists of Jurassic limestones to Eocene ﬂysch.
2.2.2 Post Alpine evolution of the Ligurian Alps
Although the Ligurian Alps did not experience signiﬁcant regional post-Alpine tec-
tonic activity, as evidenced by the Miocene (and older) apatite and zircon ﬁssion
track and Ar/Ar ages (Barbieri et al., 2003; Vance, 1999), several local deforma-
tion phases have been documented following the main stages of Alpine contraction.
Towards the centre and eastern parts of the Ligurian Alps, minor post-Alpine de-
formation has been reported (e.g., Di Gulio, 1987). Major locus for deformation
involved the western Ligurian Alps. In the Nice Castellane Arc (NCA, the Ligurian
part of the Dauphinois-Provenc¸al zone, Fig. 2.5) shortening occurred in NNE-SSW
direction (Laurent et al., 2000 and references therein). Although the main shorten-
ing phase is of Miocene age, minor shortening pulses have also been documented in
the Plio-Quaternary (Laurent et al., 2000; Ritz, 1992; Schroetter, 1998). Shorten-
ing in the NCA is estimated to be in the order of 17-18 km (Laurent et al., 2000).
This value is roughly comparable to the ∼19 km of shortening observed further to
the north in the Valensole basin (e.g., Ford et al., 1999; Lickorish and Ford, 1998).
Post-Pliocene deformation in the NCA is evidenced by faulted Pliocene successions
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near Nice (Clauzon, 1978). Gilli and Delange (1999), found evidence for very re-
cent southward thrusting from oﬀsets in speleothems built in karstic galleries. Re-
cent movements are also documented along dextral Saorge-Taggia strike slip faults
(Cosani, 1997; Eva et al., 2000; Ritz, 1992). Several (historic) earthquakes recorded
in the Ligurian Alps document that the region is also seismically active at present
day (Courbelaux et al., 1998; Eva et al., 2001; Reba¨ı et al., 1992).
2.2.3 Pliocene sediments along the coastal Ligurian Alps
Along the coastal region of the Italian Ligurian Alps, several small isolated basins
containing Pliocene sediments are present, of which the largest occurrences are found
near Ventimiglia, Taggia, Imperia and Albenga (Fig. 2.5, Boni, 1986; Boni et al.,
1985; Boni et al., 1984; Breda, 2002; Clauzon et al., 1996a; Gnaccolini, 1998; Marini,
2001). The origin of these basins has been discussed and a two-fold explanation for
their origin has been proposed. A tectonic origin was proposed by (Boni et al., 1985;
Marini, 1984; Vanossi et al., 1994), who postulated that the basins are the result of
(late) Miocene sinistral rotations in the Liguro-Provenc¸al region. An erosional origin
of these basins was proposed by (Breda, 2002; Clauzon et al., 1996a), who argued
that that these basins are the result of ﬂuvial erosion during the base level fall of
the Messinian Salinity Crisis. During the Pliocene transgression, these basins were
ﬁlled with coarse-grained conglomerates and marine shales (Boni et al., 1985; Boni
et al., 1984; Breda et al., 2001; Gnaccolini, 1998; Irr, 1975).
2.2.4 Vertical movements in the Ligurian Alps
Given its key position within the western Alpine tectonic setting, thermochronolog-
ical data unrevealing the thermal evolution of the Ligurian Alps are rather scarce.
Most of the available data originates from the easternmost part of the Ligurian Alps.
Although available thermochronological data on the Voltri Group rocks is limited,
40Ar/39Ar dating on rocks obtained from the lowermost unit of the Tertiary Pied-
mont Basin that unconformably overly the Voltri Group rocks, suggest that the Voltri
Group rocks experienced a period of rapid cooling/exhumation during the Eocene to
earliest Oligocene (Barbieri et al., 2003). Lower temperature thermochronological
data (e.g. apatite ﬁssion track or (U-Th)/He) have not been reported for this part
of the Ligurian Alps.
Thermochronological data from the Brianc¸onais domain are mostly restricted
to the northeastern crystalline basements. Rb-Sr on biotite and white micas from
Variscan basement orthogneisses yield cooling ages between 327-297 Ma, while K-Ar
dating on white micas showed ages between 293-231 Ma (Del Moro et al., 1981).
40Ar/39Ar dating on white micas from the basement rocks show ages between 321-272
Ma but also a much younger signal, between 52-38 Ma (Barbieri et al., 2003; Car-
rapa et al., 2003). The younger 40Ar/39Ar ages are indicative for a period of rapid
cooling/exhumation in this part of the Ligurian Alps (Carrapa et al., 2003). Zircon
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ﬁssion track (ZFT) ages obtained from the Variscan basement gneisses range be-
tween 179-124 Ma and document the Tethyan spreading event (Vance, 1999). ZFT
ages of basement rocks in structurally lower units were reset to about 31 Ma, thereby
reﬂecting Alpine metamorphism (Vance, 1999). Apatite ﬁssion track (AFT) ages are
∼25 Ma and are interpreted to represent a continuation of the rapid cooling event
in the late Oligocene (Carrapa, 2002). The absence of ages younger than reported
above indicates that this part of the Ligurian Alps did not experience major tectonic
activity following the end of Alpine contraction.
The only thermochronological data reported so far from the Helminthoid unit are
detrital ZFT analyses on 50 grains from one sample from the San Remo unit. ZFT
ages range from 254 to 60 Ma, with the majority of ages falling in the 220-110 Ma
range (Vance, 1999). For the Meso-Cenozoic sedimentary cover of the Dauphinois-
Provenc¸al unit, no thermochronological data is available. Zircon and apatite FT data
from the Argentera Massif range between 80-50 Ma (ZFT) to 12.5-3.5 Ma (AFT)
(Bigot-Cormier et al., 2000; Bogdanoﬀ et al., 2000), and indicate signiﬁcant, relative
fast exhumation in the Mio-Pliocene for this Massif (Bigot-Cormier et al., 2000).
2.3 Geological setting of areas surrounding the Lig-
urian Alps
2.3.1 The Western Alps
Located to the northwest of the Ligurian Alps lies the curved Alpine chain of the
Western Alps. The Western Alpine arc consists essentially of three nappe com-
plexes: the Austro-Alpine and the Penninic zone (the Internal Alps) and the Hel-
vetic (Dauphinois-Provenc¸al) zone (the External Alps). The Internal and External
Alps are separated by a suture zone, known as the Frontal Penninic thrust (FPT,
Fig. 2.5, Debelmas, 1989; Ford et al., 1999; Laubscher, 1991). The Western Alps
are the result from the anti-clock wise rotation of the Adriatic micro continent into
the European plate during Alpine continental collision and generally experienced
a complex polyphase deformation and metamorphic evolution during its formation
from Eocene-Oligocene/Miocene times (Debelmas, 1989; Laubscher, 1991; Platt et
al., 1989).
Following major Alpine contraction, deformation shifted towards the Dauphinois-
Provenc¸al foreland basins (External Alps) from the Oligocene-Miocene on (Ford
et al., 1999; Lickorish and Ford, 1998; Sissingh, 2001). Miocene to Quaternary
tectonic activity in the External Alps is evidenced by the exhumation of the External
Crystalline Massifs (ECMs), such as the Mont Blanc, Pelvoux and Argentera Massifs
(Bigot-Cormier et al., 2000; Bogdanoﬀ et al., 2000; Seward and Mancktelow, 1994;
Tricart et al., 2001). Exhumation of the ECMs is thought to be accommodated
along the FPT. Zircon and apatite ﬁssion track data indicate that the ECMs are
exhumed at rates of 1-1.5 mm/yr. The present day stress regime in the Western Alps
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shows that the northern part of the Western Alps is currently undergoing roughly
E-W extension, while the southern part (including the Ligurian Alps) is undergoing
roughly NW-SE to N-S compression, at rates of ∼1 mm/yr (Calais et al., 2000;
Calais et al., 2002; Eva and Solarino, 1998; Eva et al., 2001).
2.3.2 Liguro-Provenc¸al Basin and Corsica
The present day Liguro-Provenc¸al Sea is characterised by a deep basin surrounded
by the continental margins of the Ligurian Alps and the Corso-Sardinia block (Fig.
2.7). The Liguro-Provenc¸al basin developed as a back arc basin in response to
the retreat of the subducting slab that initiated in the middle Oligocene (Jolivet
and Faccenna, 2000; Moullade, 1978; Re´hault et al., 1985). Back-arc extension in
the Liguro-Provenc¸al basin lead to continental thinning, subsidence and eventually
to drifting of the Corso-Sardinia block (Jolivet and Faccenna, 2000; Re´hault et
al., 1985). Following continental brake-up oceanic crust was formed (Fig. 2.4 and
2.7). Formation of the Liguro-Provenc¸al basin occurred in three main extension
periods (Rollet et al., 2002). In the late Oligocene-early Miocene, rifting started
at relative slow velocities (1-2 cm/yr, Rollet et al., 2002) and was associated with
calcalkaline magmatism on land (Rollet et al., 2002). Flank uplift associated with
rifting is reﬂected in apatite Fission Track ages from Corsica (58-25 Ma, Jakni et
al., 2000; van Tellingen et al., 1995). During rifting, a number of NE-SW trending,
tilted blocks formed along the margins, whereas the basin was aﬀected by NW-SE
trending transcurrent faults (Fanucci, 1981; Re´hault et al., 1984). Due to a lack
of borehole data, timing and duration of oceanic spreading is not precisely known,
but is thought to have occurred roughly between 19 and 16 Ma (Chamoot-Rooke
et al., 1992; Re´hault et al., 1984; Speranza et al., 2002). During continental rifting
and subsequent ocean spreading, the Corso-Sardinia block experienced a counter-
clockwise rotation of ∼23◦ (Speranza et al., 2002; van der Voo, 1993). In the late
Miocene, the Liguro-Provenc¸al basin was aﬀected by the Messinian Salinity Crisis
(MSC). The origin and signiﬁcance of the MSC on the Liguro-Provenc¸al basin (and
surrounding regions) will be discussed in more detail in section 2.4.
2.3.3 Tertiary Piedmont Basin and northern Apennines
The Tertiary Piedmont Basin (TPB, Fig. 2.5) sediments unconformably overly Voltri
Group and Brianc¸onais unit rocks in the (north)eastern Ligurian Alps. Although
the origin of TPB formation is currently being debated (e.g., Carrapa, 2002; Gelati
and Gnaccolini, 2003), the TPB formed by subsidence under a prevalent NE-SW
directed shortening during the late Eocene-early Oligocene (e.g., Carrapa et al.,
2002 and references therein). Subsidence accelerated in the middle Miocene under
NE-SW shortening, followed by an ∼20◦ counter clockwise rotation of the TPB in
the Serravalian (Carrapa et al., 2002). NE-SW to NW-SE compression continued
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Figure 2.7: Cross section trough the present day setting of the Ligurian Basin (after Biju-
Duval et al., 1973)
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in the late Miocene. Sedimentary inﬁll of the TPB is characterised by Oligocene-
late Miocene continental to marine facies, of which the lowermost units reﬂect the
northeast-directed transgression that ﬁlled the TPB from the Oligocene on (Lorenz,
1984). Sedimentation in the TPB continued until the middle-late Miocene, after
which the TPB sediments were uplifted to their present day position. In the south-
ernmost part of the TPB, the Oligocene transgression slowly drowned the northern
parts of the Voltri Group and Brianc¸onais/Piedmont units of the Ligurian Alps and
continental to marine TPB facies unconformably overly the Ligurian units (Lorenz,
1984; Vanossi et al., 1984). In the southern part of the TPB, post Miocene uplift
of the TPB resulted in a gentle northward dip of the Oligocene-Miocene sediments
(Carrapa, 2002 and references therein).
The northern Apennines (Fig. 2.5), located to the east of the Ligurian Alps,
are part of the Apennine chain that formed as an accretionary wedge in front to
retreating slab in the western Mediterranean (Biju-Duval et al., 1973; Faccenna
et al., 2001). The northern Apennines consist mainly of a stack of NNE verging
thrusts involving the Ligurian nappe (Ligurides, belonging to the Tethyan Ligurian-
Piedmont basin) and the Subligurian units (belonging to the Adriatic microplate).
The Ligurides are composed of ophiolites and Jurassic to Eocene sedimentary covers
and are the non-metamorphic equivalent of the Western Alpine Penninic units. Both
Ligurides and Subligurian units were thrusted on the Tuscan (Tuscan nappe and
underlying Apuane unit) and Umbria-Marche units. Thermochronological data from
the Tuscan nappes and Apuane units show zircon and apatite FT and (U-Th)/He
ages ranging between 11-2.5 Ma (Abbate et al., 1999; Balestrieri et al., 2003), thus
documenting signiﬁcant Plio-Quaternary exhumation in this part of the Apennines
(Balestrieri et al., 2003).
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2.4 The Messinian salinity crisis in the Western
Mediterranean
2.4.1 Messinian salinity crisis
The Messinian Salinity Crisis (MSC) is widely regarded as one of the most dramatic
episodes of oceanic change in the past 20 or so million years (e.g., Krijgsman, 2002)
and had signiﬁcant impact on the evolution of the (western) Mediterranean (includ-
ing the Ligurian region). During Leg 13 of the Deep Sea Drilling Project (DSDP)
Messinian age evaporates were discovered in the western Mediterranean Basin (Hsu¨
et al., 1973a; Hsu¨ et al., 1973b; Montadert et al., 1978; Ryan and Cita, 1978). Ever
since the discovery of the Messinian evaporates, debate has raged over the cause
of isolation of the Mediterranean from the Atlantic. Several hypothesis have been
proposed: the base level fall as the result of a glacio-eustatic sea level drop, result-
ing from expanding polar ice volume (Adams et al., 1977; Hodell et al., 1986), the
isolation as the result of orogenic uplift accompanied by gravity driven sliding of
large nappe complexes in the Gibraltar arc (Weijermars, 1988) or isolation as the
result from uplift triggered by a change from subduction-related to intraplate-type
volcanism resulting from a westward rollback of subducted oceanic lithosphere and
associated asthenosphere upwelling (Duggen et al., 2003).
Also regarding the timing and duration of the MSC, several controversies have ex-
isted. These range from the interpretation that the MSC occurred as a synchronous
event, in which the MSC initiated in all basins at the same time (Hsu¨ et al., 1973a),
to a two-step event (onset of MSC ﬁrst in marginal basins and later in deep basins,
Clauzon et al., 1996) to a completly diachronous evolution in which the onset of the
MSC was totally dependent on local basin setting (Butler et al., 1995). Recently, the
timing and onset of the MSC has been established by means of astronomical dating.
It has been shown that it occurred synchronous over the entire Mediterranean basin,
dated 5.96 ± 0.02 (Krijgsman et al., 1999). Isolation from the Atlantic was estab-
lished between 5.59 and 5.33 Ma, causing a large fall in Mediterranean base level
followed by erosion (5.59-5.50 Ma) and deposition (5.50-5.33 Ma) of the evaporitic
sequences (Krijgsman et al., 1999).
The Messinian sequence is generally characterised by a threefold subdivision of
lower evaporates, salt and upper evaporates (Hsu¨ et al., 1973a). In the western
Mediterranean basin, Messinian evaporates are widely documented on seismic sec-
tions and boreholes (e.g, Montadert et al., 1978). Onshore, Messinian sequences
are presently outcropping in e.g. southern Italy (Sicily) or the Spain (Sorbas basin)
(Corne´e et al., 2002; Krijgsman et al., 1996), but are absent along the Provenc¸al-
Ligurian coast of northwestern Italy and southeastern France (Clauzon, 1978). Here,
the Messinian event is evidenced by wide spread erosion along the margin (Savoye
and Piper, 1991).
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Figure 2.8: Typical cross sections through a Messinian valley and its Pliocene sedimentary
inﬁll. A. Example of the Messinian Var valley (Nice, France, after Clauzon, 1978). B. Cross
section through the Messinian Nile valley, after Chumakov (1973).
2.4.2 Messinian valleys
Along the margins and coastal regions of the Mediterranean, large (buried) incised
valleys are found (Fig. 2.8. These valleys, often following the main ﬂuvial systems
draining the Mediterranean hinterland, resulted from intense ﬂuvial incision during
the MSC base level drop and therefore are named Messinian valleys. Following the
reﬁlling of the Mediterranean at the onset of the Pliocene, marine deposits ﬁlled the
valleys (Cavazza and DeCelles, 1993; Chumakov, 1973; Irr, 1975), thereby fossilising
the Messinian morphology. Examples of these Messinian valleys are found in for
example the Provenc¸e region (South France, Clauzon, 1973, 1978, 1979; Clauzon et
al., 1996b), in Calabria (South Italy, Cavazza and DeCelles, 1993) and along the
Nile (Chumakov, 1973).
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It is generally accepted that the Messinian valleys are relatively narrow, deep and
extend for several (hundreds) of kilometres inland (Chumakov, 1973; Clauzon, 1982).
In the case of the Rhoˆne valley, Pliocene sediments inﬁlling the Messinian valley are
traced back ∼300 km land inwards. Drill holes have shown that Pliocene are found
>300 m below the present day Rhoˆne river, suggesting a depth of the valley of at least
1000 m (Clauzon, 1973, 1982). Seismic evidence revealed the oﬀshore continuation
of the Rhoˆne messinian valley and showed that Pliocene sediments are found up to
∼1200 m below the present day abyssal plain (Clauzon, 1982).
Among the largest of these features found along the Liguro-Provenc¸al margins is
the Messinian Var valley (Clauzon, 1978). Chronostratigraphic constraints clearly
document a Messinian age for this valley, as biostratigraphic dating on the Pliocene
shales yield an early Pliocene (Zanclean) age, while the valley incised bedrock are
of Tortonian age (Clauzon, 1978). Pliocene sediments inﬁlling the valley are found
onshore at elevations of >500 m, while drill hole analyses have shown that Pliocene
conglomerates are found up to ∼1000 m below the surface (Clauzon, 1978; Clauzon
et al., 1996a). Seismic studies have revealed that the Messinian Var valley is found
oﬀshore at depths of at least one kilometer (Clauzon, 1982). Although the land
inward extension of the Var valley is less, the depth and width of this valley document
the size generally invoked for the Messinian valleys.
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Chapter 3
(U-Th)/He and Fission Track dating
techniques and a thermal modelling study
on the application of (U-Th)/He dating
for landscape evolution
The application of various thermochronometers has been used to reconstruct the
thermal history of rocks, regions and mountain ranges (e.g., Andriessen and Zeck,
1994; Batt et al., 2000; Fitzgerald et al., 1999; Persano et al., 2002; White et
al., 2002). Thermochronology is based on the concept that certain minerals retain
products of radioactive decay when they pass through a speciﬁc temperature during
cooling, a temperature commonly referred to as the “closure temperature” (Dodson,
1973). At a temperature higher than the closure temperature, the decay product is,
on geological timescales, lost by diffusion from the host mineral while at temperatures
below the closure temperature, the decay product is retained. Most workers applying
thermochronometry use the retention and loss of the decay product at a speciﬁc
temperature to derive a cooling history that rocks or regions experienced.
Several different thermochronometers covering a wide temperature range have
been studied and applied successfully (Fig. 3.1). High to intermediate tempera-
ture (∼800 to ∼200◦C) thermochronometers such as the zircon U/Pb, the feldspar
40Ar/39Ar methods or the recently developed titanite (U-Th)/He method reﬂect the
processes in the deeper parts of the Earth crust (e.g., Cliﬀ, 1985; McDougall and
Harrison, 1999; Reiners and Farley, 1999), while zircon ﬁssion track is sensitive to
intermediate temperatures of ∼240 to 175◦C (Hurford, 1986). Cooling through the
shallower part of the Earth crust is well-constrained utilising apatite ﬁssion track,
which has a temperature sensitivity of ∼110 to 60◦C (e.g. Carlson et al., 1999;
Laslett et al., 1987; Wagner, 1968). In recent years renewed interest into one of
the oldest known decay systems led to the development of a new low temperature
thermochronometer: (U-Th)/He dating utilising apatite (or as it is commonly re-
ferred to as He dating). Experimental results showed that this system is sensitive
to temperatures between ∼80-40◦C (Wolf et al. 1996, 1997; Zeitler et al. 1987),
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Figure 3.1: Diagram showing
an array of thermometers with
different closure temperatures
that can be used in order to
constrain the thermal history of
rocks and regions. Modiﬁed af-
ter Cliﬀ (1985).
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making it a unique tool in deriving cooling histories in the upper few kilometres of
the Earth crust (Ehlers and Farley, 2003).
The cooling histories derived from thermochronological data are often translated
in terms of vertical movements within the Earth crust (exhumation and/or denuda-
tion). Thereby it has often been assumed that isotherms are parallel to the Earth’s
average surface. At shallow crustal levels, this assumption is not met, as isotherms
are likely to follow the shape of the topography in a smoothed fashion (Stu¨we et
al. 1994). Isotherms tend to be compressed beneath valleys, while underneath
mountains, they are wider spaced. This can lead to an over or under estimation
of exhumation rates (Braun, 2002; Mancktelow and Grasemann, 1997; Stu¨we and
Hintermu¨ller, 2000; Stu¨we et al., 1994). The inﬂuence of topographic changes on
deﬂecting the closure isotherm of the low-temperature thermochronometers, such as
the (U-Th)/He system can thus be signiﬁcant and therefore requires understanding
how these processes interact.
Chapter 3 is structured in two main parts. In the ﬁrst sections (3.1 to 3.4) the
theoretical backgrounds, methodology and application of the (U-Th)/He and ﬁssion
track techniques will be discussed. For the (U-Th)/He section, reviews on the recent
advancements in He dating by (Ehlers and Farley, 2003; Farley, 2002; Reiners, 2002)
have been used. The main source of information on the application and underlying
principles of the apatite ﬁssion track method are reviews by Gallagher et al., 1998;
Hendriks, 2003; Juez-Larre, 2003; Murrell, 2003.
The second part of chapter 3 discusses the results on a numerical (thermal) model
study on the eﬀect of perturbing isotherms and their signiﬁcance for the (U-Th)/He
method. In this study it is investigated how isotherms relevant to the (U-Th)/He
system deﬂect when topography develops and how this is expressed in the slope of an
age-elevation relation. These results highlight the possibilities of the application of
the low temperature apatite (U-Th)/He system for landscape model reconstructions,
and are presented in section 3.5.
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3.1 (U-Th)/He thermochronometry
The decay of uranium (U) and thorium (Th) and the hereto-related ingrowth of
helium (He) is one of the earliest methods used by geochronologists to investigate
the age of rocks (Rutherford, 1905; Strutt, 1905). Following initial studies in the
early 1900, the (U-Th)/He method was seldom used, as often (U-Th)/He ages were
too young. The low (U-Th)/He ages were thought to be the result of diﬀusive He
loss possibly associated with radiation damage (e.g. Fanale and Kulp, 1962). In
1987, Zeitler and co-workers revived interest in the method by proposing that in
the case of apatite, (U-Th)/He ages might be meaningfully interpreted as ages of
cooling through very low temperatures. Laboratory data presented by these authors
indicated a closure temperature of about 100◦C (at a cooling rate of 10◦C/km).
It was not for about 10 years later that Wolf and co-workers published more de-
tailed diffusion experiments, thereby reﬁning the temperature sensitivity to ∼80-
40◦C (Wolf et al., 1998; Wolf et al., 1996). The laboratory derived temperature
range was later conﬁrmed by analysis of borehole samples as well as geological set-
tings on exhumed crustal blocks (e.g. House et al., 1999; House et al., 1997; Stockli
et al., 2000; Wolf et al., 1997). The application to geological settings demonstrated
the strength of the (U-Th)/He method (or He dating as it is commonly referred to)
as a low temperature thermochronological tool.
3.1.1 He ingrowth
4He nuclei (α-particles) are produced by the series decay of 238U, 235U and 232Th
to 206Pb, 207Pb and 208Pb respectively. Production of 4He is given by the following
expression:
4He = 8× 238U(eλ238t − 1) + 7× 235U(eλ235t − 1) + 6× 232Th(eλ232t − 1) (3.1)
where 4He, U and Th refer to present day amounts (parent nuclide per gram sample),
t is the accumulation time (or He age) in years, and λ is the decay constant (λ238=
1.551 x 10−10yr−1, λ235= 9.849 x 10−10yr−1 and λ232= 4.948 x 10−10yr−1). If the
units for 4He are given in cm3 (STP)/g rock, (eq. 3.1) can be rewritten as (Geyth
and Schleicher, 1990):
4He = 22415× (0.0336× 238U(eλ238t − 1)+
+ 0.0298× 235U(eλ235t − 1) + 0.0258× 232Th(eλ232t − 1)) (3.2)
The He production equation assumes secular equilibrium among all daughters in the
decay chain (Farley, 2002).
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Figure 3.2: An Arrhenius plot
with helium diffusion data of
Durango apatite. In this ex-
periment the data show a linear
array up to 300◦C. Above this
temperature, apparent diffusion
deviates from straight line (see
text for discussion). Figure
adopted from Farley (2002)
3.1.2 Diffusion of 4He in apatite
In order to establish the diffusion behaviour of He, laboratory diffusion experiments
(Farley, 2000; Wolf et al., 1996; Zeitler et al., 1987) were carried out on fragments of
Durango ﬂuorapatite (Young et al., 1969). In the ideal case, the radiogenic daugh-
ter product (4He) is lost by volume diffusion involving a single, thermally activated
process for all daughter nuclides in the crystal. Under such conditions the temper-
ature dependence of diﬀusivity is characterized by an activation energy (Ea) and
diﬀusivity at inﬁnite temperature (D0) yielding an Arrhenius relationship which is
deﬁned by:
D
a2
=
D0
a2
· e
−Ea
RT (3.3)
where D is the diﬀusivity, D0 the diﬀusivity at inﬁnite temperature, Ea the activation
energy, R the gas constant, T the temperature in Kelvin and a the diffusion domain
radius. If this relationship is obeyed, the measurements of ln(D/a2) plot on a straight
line, with slope −Ea/R and y intercept of ln(D0/a2) (Fig. 3.2). From these two
quantities the closure temperature (Tc) can be computed.
For temperatures below 300◦C, laboratory diffusion experiments on Durango
apatites (Farley, 2000; Warnock et al., 1997; Wolf et al., 1996) have shown that
diffusion of He in Durango apatites behaves according to the Arrhenius relationship
(Fig. 3.2). Above these temperatures, the linear relationship on an Arrhenious plot
breaks down (Warnock et al., 1997; Wolf et al., 1996). The origin of this devia-
tion was not fully understood by these authors but was attributed to a structural
or chemical transformation of the crystal or the result of multiple diffusion sites
within apatite (Wolf et al., 1996). Repeated diffusion experiments by Dunai (2000)
on similar Durango apatites however, showed no deviation from the Arrhenius up
to 450◦C. Although not resolved completely, it was suggested that the observed
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Figure 3.3: Helium closure temperature
(Tc) as a function of grain-size and cooling
rate was calculated assuming an activation
energy of 33 kcal/mol and D0 = 50cm
2/sec
assuming spherical geometry and includ-
ing the eﬀects of α-ejection on He diffusion
(modiﬁed from Farley, 2002).
deviation from Wolf (1996) is an artefact of the assumed grain geometry rather than
an actual physical transformation of the apatite grain (Dunai, 2000).
In examining diffusion parameters for different grain sizes, Farley (2000) noted
that for Durango (and other) apatites, the quantity D/a2 varies with grain size
in such that diﬀusivity decreases with increasing grain size. This suggests that for
apatites the diffusion domain is the grain itself (Farley, 2000). From (eq. 3.3) it
follows than that Tc varies with grain size (Fig. 3.3, Farley, 2000; Reiners and Farley,
2001). Meesters and Dunai (2002a) noted that the shape of the diffusion domain (e.g.
assuming a sphere, a rectangular block, ﬁnite cylinder or inﬁnite cylinder geometry
of the apatite grain) is important, given that they have different surface to volume
(S/V) ratios at a given smallest dimension. Especially for apatite grains that have
spent signiﬁcant time close to the He closure temperature, diffusion diﬀers greatly.
For geometries having similar S/V ratios these eﬀects are small.
All diffusion experiments so far have been carried out on fragments of larger
Durango crystals (Farley, 2000; Warnock et al., 1997; Wolf et al., 1996) and under
laboratory controlled circumstances. Hereby it is assumed that these laboratory
circumstances also apply to natural conditions. For example, diffusion parameters
are commonly derived from high vacuum and high temperature experiments, rather
than natural, hydrous conditions at low temperatures (Farley, 2002). Also the im-
plicit assumption that results from diffusion experiments (i.e. the D0/a2 parameter)
carried out on Durango apatite grains (crushed fragments from much larger crystals)
can be transferred to (much smaller) natural crystals possibly needs further study
as the geometry of shards and crystals is clearly different (see e.g., Meesters and
Dunai, 2002a for discussion).
Based on the laboratory derived He diffusion characteristics, Wolf (1998) showed
that He ages diﬀer with temperature (i.e. depth) for a constant holding time. As-
suming no initial He in the apatite grain, Wolf et al. (1998) found that He ages
decrease rapidly over a fairly narrow increasing temperature range. Drawing the
analogy to ﬁssion track thermochronometry, they named the temperature range
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Figure 3.4: Apatite Helium Partial Reten-
tion Zone (HePRZ) compared to the Ap-
atite ﬁssion track partial annealing zone
(modiﬁed from Farley, 2002).
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where between 5-95% of the He is retained in a crystal, the Helium Partial Reten-
tion Zone (HePRZ, Fig. 3.4). For an 60 µm apatite grain radius (at a cooling rate of
10◦C/Ma), the HePRZ is located between ∼80-40◦C (Wolf et al., 1998). Assuming
a geothermal gradient of 25◦C/km and a surface temperature of 10◦C, it follows
than that the HePRZ resides between 2.8 to 1.2 km of depth. Studies on rapidly
exhumed crustal (fault) blocks demonstrated that the HePRZ is apparent in nature
(Stockli et al., 2000; Stockli et al., 2002; Wolf et al., 1997). Analysis on deep bore-
hole samples (House et al., 1999), however, demonstrated that a clear HePRZ is not
always present. Although the measured He ages decreased with increasing depth, it
was noted that the He ages exhibited signiﬁcant variations within a given tempera-
ture interval in the borehole (House et al., 1999). Although these authors explained
the discrepancies by possible incomplete resetting of He ages and/or the presence of
overlooked fluid inclusions, further study to translating laboratory derived data to
geological situation for the (U-Th)/He system is needed.
3.1.3 α-ejection correction
When alpha particles are emitted during U and Th series decay, they are emitted
with a high kinetic energy in a random, radial direction and require tens of microns
before they come to rest within solid matter. The distance before they come to
rest is known as the stopping distance (Ziegler, 1977). Typical decay energies for U
and Th are in the order of 4 to 8 MeV. Stopping distances for the various U and
Th series decay range from ∼11 µm to 34 µm (Ziegler, 1977), whereby the series
averaged mean stopping distance for 238U, 235U and 232Th is 19.68 µm, 22.83 µm
and 22.46 µm respectively (Farley et al., 1996).
Depending on the location of the parent nuclide within the crystal, different
regions can be identiﬁed with different He retention characteristics (Fig. 3.5, Farley,
2002). If the parent nuclide is located more than one stopping distance away from the
crystal boundary, the α-particle will be retained in the crystal. If the parent nuclide
lies within one stopping distance from the crystal boundary, the probability arises
that the α-particle will be lost. The probability rises up to 50% when the parent
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Figure 3.5: A. The eﬀects of α-stopping dis-
tances on He retention in a mineral. Shown
in a scematic apatite grain are three pos-
sibilities: complete α-retention, possible α-
ejection and possible α-implantation. The
centre of the grey circle marks the position
of parent (U and Th) nuclide, while the
edge of the circle marks the possible rest-
ing point of He particle. B. Schematic cross
section showing how α-retention in apatite
crystal changes from core to rim along cross
section Z-Z’ in A (modiﬁed after Farley,
2002).
nuclide is located along the grain edge. If loss of the α-particle occurs (referred
to as α-ejection), it will result in He concentrations that are lower than would be
expected for given parent element concentrations (Farley, 2002). Consequently, the
measured (U-Th)/He age (or commonly known as He age) needs to be corrected
for this α loss (Farley et al., 1996). The possibility of He being implanted from a
neighbouring mineral is generally considered to be negligible because the contrast in
parent element concentration between the apatite and the host rock is likely large
(Farley, 2002).
Farley et al. (Farley et al., 1996 and further reﬁned in Farley, 2002) proposed a
model to correct for He loss resulting from α-ejection. The model assumes a homoge-
nous distribution of U and Th and either spherical or hexagonal prism geometry for
the apatite crystal. The total amount of a particles retained in the apatite crystal
is called Ft. For a spherical geometry, the Ft factor is calculated as follows:
Ft = 1− 3S4R +
S3
16R3
(3.4)
where S is the stopping distance and R is the sphere radius.
For a hexagonal prism geometry, the Ft is calculated by:
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Ft = α1β + α2β2 with β =
2.31L + 2R
RL
(3.5)
where a1 and a2 are ﬁtting parameters incorporating the stopping distance and
density of the stopping medium (for the 238U series: a1=-5.13 and a2=6.78, for the
232Th series: a1=-5.9 and a2=8.99 (Farley, 2002)) and β the surface to volume (S/V)
ratio for a hexagonal geometry. R and L are the diameter and length of the prism
respectively. To calculate the mean Ft, a weighting factor (a238) for the Ft values
for U and Th is derived (Farley, 2002):
meanFt = a238 ·
238UFt+
(
1−a238
)
·
232ThFt with a238 =
(
1.04+0.245
(Th
U
))−1
(3.6)
The α-corrected He age is then given by:
Corrected Age =
Measured Age
MeanFt
(3.7)
To calculate both L and R, each of the apatite samples are photographed under a
microscope after which values for L and R are measured. In order to reduce errors,
repeated length measurements are performed on each apatite of every sample after
which the lengths are averaged. By doing so, the error obtained from Ft calculation
is in the order of 3-4%.
Meesters and Dunai (2002b) proposed algorithms accounting for the interwoven
process of diffusion and α-loss. They noted that, for example in the case of a
homogeneous distributed U and Th concentration, the depletion of the outer zones
of the crystal has inﬂuence on diffusion loss. In the case that diffusion is important
(i.e. a grain spends signiﬁcant time close to the He closure temperature), applying
the“Farley”correction, will generally yield an overcorrection of the He age (Meesters
and Dunai, 2002b). Conversely, if diffusion is less important (i.e. for rapidly cooled
rocks), the “Farley” correction can be used as a safe approximation for correction He
ages (Meesters and Dunai, 2002b).
3.1.4 Zonation of parent isotopes
The main assumption in the conventional α-correction procedure is that the apatite
grain has a homogenously distributed U and Th concentration. In practice this
assumption is not always valid as etched ﬁssion track mounds frequently demon-
strate that U can have a strongly zoned distribution (e.g. Meesters and Dunai,
2002b). Knowledge on the parent distribution is therefore crucial. Meesters and
Dunai (2002b) noted that, depending on the time-temperature path of the host
rock, the assumption of a homogenous parent distribution, in general, is an over-
simpliﬁcation. In practise it is not easy to determine whether U and Th zonations
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are present in the apatite grain of interest. A two-step etching procedure to identify
zoned U and Th distributions was proposed by Hendriks (2003). Although the pro-
cedure yielded promising results in detecting zonations, further testing is needed to
improve the two-step etching technique (Hendriks, 2003).
In this study, constraints on the U and Th distribution are inferred from samples
that, besides He dating, were also prepared for apatite ﬁssion track analysis. Al-
though ﬁssion track provides only information on the U distribution, it is assumed
that Th follows the zonation of U.
3.1.5 Inclusions
The presence of small U and Th rich solid or fluid inclusions, hereafter referred to as
inclusions, poses serious problems in applying (U-Th)/He dating (Ehlers and Farley,
2003). Although various mineral inclusions are found, possibly the most common
are monazite and zircon (Farley, 2002). Sizes of inclusion vary from a few microns to
a size almost equal to the apatite grain itself. Large inclusions are easily identiﬁed
during handpicking, problems arise however when inclusion are few microns in size
and therefore may escape handpicking.
A large source of error in measured He ages, results from mineral inclusions that
are not (or incompletely) dissolved when preparing the apatite grains for U and
Th analysis (Farley, 2002). If inclusions are smaller than ∼15 µm, all ejected He
particles will come to rest in the apatite; consequently only the apatite He diffusion
characteristics will apply (Farley, 2002). However, if these small inclusions are in-
completely dissolved, the apatite grain will have excess (or parentless) He. This will
result erroneously old He ages and hence, poor reproducibility (Ehlers and Farley,
2003; Lippolt et al., 1994). Although the dissolution technique used in this study
should dissolve most of the inclusions (see also section 3.3.2), small zircon inclusions
might not dissolve completely. Figure 3.6 shows one apatite grain (prepared for FT
analysis) on which small inclusions are only visible with large magniﬁcations and
possibly would have escaped handpicking.
Besides mineral inclusion, also fluid inclusions poses problems for He age. Sev-
eral studies demonstrated that fluid inclusions can contain a trapped 4He (mantle or
meteoric) component (e.g., Simmons et al., 1986; Stuart et al., 1995). The trapped
4He component is “parentless” (as it does not originate from U and Th of the apatite
grain itself) and therefore too will result in too old measured He ages. As fluid inclu-
sions are probably harder to detect than solid inclusions (Fig. 3.6), fluid inclusions
will be an additional factor causing poor He age reproducibility of samples.
Other complications might arise from inclusions that have U and Th concentra-
tions that are possibly orders of magnitude larger than that of the host grain, thereby
overruling the U, Th and He signal of the host mineral. Another eﬀect of inclusions
might result from diﬀerences in closure temperature between the inclusion and host
mineral (Farley, 2002), however this will only apply to inclusions larger than ∼20
µm. Inclusions of such size, however, must be spotted during hand picking.
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Figure 3.6: Photograph focussing in
depth through an apatite grain (sam-
ple Alb-01-11 etched for ﬁssion track
analysis). Upper photograph depicts
the polished and etched grain surface,
where ﬁssion track etch pits show as
dark spots. Centre and lower photos
show the grain interior. Solid and fluid
inclusions are present throughout the
apatite grain. Although the solid in-
clusions should be detected (the ones
shown are ∼3 µm), the fluid inclusions
are most likely not. Undetected inclu-
sions might result in erroneous He ages
(see text for discussion).
Solid inclusions
Solid inclusions
Fluid inclusions
Fluid inclusions
Fluid inclusions
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Although it is generally considered that mineral inclusions tend to increase the
He age (e.g., Ehlers and Farley, 2003; House et al., 1997; Lippolt et al., 1994), the
reverse might also be possible. If an apatite grain contains a small, undetected
inclusion located at the rim (e.g., in the outer 10 µm) of the grain, there is the
possibility that He originating from this inclusion is not retained within the apatite
grain, but will be ejected outside. This will result in “excess U and Th”, when the
apatite (with inclusion) is dissolved. Consequently, the calculated He age becomes
too young.
In experience gained during this research, it was noted that, while examining
the apatite ﬁssion track samples, it is very diﬃcult to ﬁnd apatite grains that are
completely free of solid or fluid inclusions (Fig. 3.6). Therefore, inclusions will
likely always play an important role in He dating. As will be discussed in chapter
4 in more detail, an important conclusion derived from the ﬁrst series of He age
measurements was that to control an unwanted spread in He ages resulting from the
possible presence of inclusions, samples should be measured at least in duplicate,
but preferably in triplicate or more. Although it is acknowledged that analysing
duplicate (or higher) measurements is a labour intensive approach, as all grains
must be inspected individually, this would signiﬁcantly increase the reliability of the
technique. Although it is likely that (undetected) inclusion related problems are
more important regarding detrital apatites, a similar approach should be taken for
igneous apatites too.
3.1.6 Cooling histories vs. exhumation/denudation
The low temperature sensitivity of the apatite (U-Th)/He system allows reconstruc-
tion of the cooling history experienced by rocks in the uppermost ∼2-3 km of the
Earth’ crust. For samples experiencing instantaneous cooling, He ages directly reﬂect
the time when they passed through the closure temperature, i.e. they constrain a
geological event (e.g., a volcanic eruption). For more complicated time-temperature
histories interpretation is not straightforward and modelling of the He ages is needed
(Wolf et al., 1998). However, as often with cooling histories, a wide variety of time-
temperature paths can lead to the same He ages, so a unique interpretation of the
He age is not always possible and additional information is needed (Farley, 2002).
He ages, as with ﬁssion track ages, are often referred to as “apparent ages”.
Wolf et al. (1998) presented, based on He production-diffusion equations, al-
gorithms allowing thermal modelling of He ages (Fig. 3.7). Meesters and Dunai
(2002a) presented a revised version of the diffusion-production equation, which ac-
counted for the interwoven eﬀect of α-ejection and zoned distribution of the parent
nuclides. Meesters and Dunai (2002b) argued that for samples spending signiﬁcant
time close to the He closure temperature, diffusion and α-loss yield signiﬁcant eﬀects
on the modelled He age (Fig. 3.8). These authors presented a user-friendly computer
program allowing forward modelling of He ages (DECOMP, Bikker et al., 2003). In
this program, the modeller is allowed to introduce a t-T path (either arbitrary or
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Figure 3.7: A. Apatite He age evolution curves (dotted lines) for several representative
time-temperature paths (solid lines). All paths yield a He age of 40 Ma. History 1 depicts
the thermal history of a rapidly cooling sample. History 2 represents the thermal evolution
of a sample that experiences monotonous cooling. In history 3, the thermal evolution of a
sample held signiﬁcant time near the He closure temperature is shown. History 4 depicts
the thermal evolution of a sample that experiences initial cooling followed by thermal
equilibrium near the He closure temperature and ﬁnal cooling to surface temperatures.
History 5 represents the trajectory of a sample experiencing heating followed by rapid
cooling. B. He age as a function of structural depth in a 20◦C/km geothermal gradient for
the time-temperature histories shown in A. The histories can be resolved with measurements
of apatite He ages spanning ∼1.5 km of structural relief. Figure modiﬁed after Wolf et al.
(1998).
derived from independent geological constraints) for which DECOMP subsequently,
at a given parent distribution and grain size, calculates a He age.
Despite the parallels between apatite (U-Th)/He modelling and ﬁssion track
thermal modelling, the intercalibration between the wto methods has not been fully
explored (House et al., 1997).
Although the He ages (and thermal models) reﬂect cooling (ages), they are, to
assign a geological meaning to cooling, often translated in terms of exhumation
and denudation. Hereby it is assumed that cooling is the result from the removal
of an overlying rock column, a process described as exhumation and/or (tectonic)
denudation. In the literature the terms exhumation, denudation, uplift and erosion
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Figure 3.8: Similar time-temperature as in
Fig 3.7a (history 1 and 5), showing the ef-
fects of U and Th zonation on calculated
He age for a sphere. Assumed radius is
60 µm and stopping distance 20 µm. Solid
grey line depicts the thermal evolution as-
suming a homogenous parent distribution.
Solid line: parent distribution in inner 2/3,
dashed line: parent distribution in inner
5/6, dotted line: parent distribution in
outer 1/3, dash-dotted line: parent distri-
bution in outer 1/6 of the grain. (Figure
modiﬁed after Meesters and Dunai, 2002b).
are often used erroneously. Uplift of rocks is deﬁned as the displacement of rocks
with respect to the geoid or sea level (England and Molnar, 1990). Exhumation is
deﬁned as the upward displacement of rocks with respect to the surface. The rate
of exhumation is simply the rate of removal of overburden due to tectonic processes
(England and Molnar, 1990). In recent years the usage of the term denudation (i.e.
rock removal, but in the sense of the downward movement of the surface with respect
of a rock sample) has been considered to be more appropriate (e.g., Brown et al.,
1994; Fitzgerald et al., 1995; Gleadow and Brown, 2000; Summerﬁeld, 1991), as the
term exhumation used by geomorphologists applies to the uncovering by erosion of
a pre-existing surface (Bates and Jackson, 1980) rather than the general movement
of rock with respect to the Earth surface. However, the assumption that denudation
results from tectonic uplift is not always valid as denudation is also driven by changes
in climate, base level, or local relief (e.g, Brown et al., 2000; Persano et al., 2002;
Raymo and Ruddiman, 1992). In this thesis, the term exhumation is used to indicate
tectonic controlled (vertical) movements, while denudation implies external forces
such as lowering of base level or climate change.
A simple way of deriving exhumation (or denudation) rates from the He data is by
plotting the measured He age versus the present-day elevation of sampling sites (age-
elevation relation, or AER). In doing so, it is assumed that higher elevation samples
crossed the closure temperature isotherm at an earlier stage of exhumation than the
lowest ones, resulting in increased He ages with elevation (e.g. Fitzgerald et al.,
1995; Gallagher et al., 1998). The slope of the proﬁle thereby approximates the rate
at which the rocks are exhumed. This approach does not require the knowledge of a
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Table 3.1: Literature Durango He ages compared to Durango ages obtained during this
study (1σ error). In total, twelve Durango analyses were conducted (eight analyses for the
Ventimiglia series, chapter 4, and four analyses for the Albenga series). Details on Durango
He ages are given in Tables 4.2 (chapter 4) and 6.1 (chapter 6).
Durango He age (Ma) Reference
32.2 Zeitler et al. (1987)
34 Wolf et al. (1996)
27.5 ± 1.3 Warnock et al. (1997)
32.1 ± 1.7 House et al. (2000)
32.0 ± 1.0 Farley (2002)
32.1 ± 1.4 Persano et al. (2002)
32.1 ± 2.0 This study
closure temperature, however this simpliﬁed interpretation nevertheless encompasses
some important assumptions (see e.g. Gallagher et al., 1998 for discussion): 1)
that cooling is the result of erosion; 2) that the paleo-PRZ can be neglected; 3)
the assumption that a rock sample moved perpendicular to isotherms; and 4) no
changes in the spatial relationship between samples which will cause the present-day
elevation to no longer reﬂect the original sample depth in the crust (for instance in
the case of faulted blocks). Notwithstanding these assumptions, the AER method is
often used to derive geological histories of rocks and regions (e.g. Barbarand et al.,
2001; Ducea et al., 2003; Farley et al., 2001; Fitzgerald et al., 1999; Fitzgerald et al.,
1995; Reiners et al., 2002). In all other cases when cooling is converted in terms of
exhumation and/or denudation, independent constraints on the (paleo)-geotherm is
needed. In section 3.5 these issues will be addressed in more detail.
3.1.7 Durango apatite He ages and error calculation
To verify analytical calibrations between the different laboratories worldwide using
the (U-Th)/He dating technique it is useful to refer to one international standard.
Unfortunately, at the moment no international accepted standard (with correspond-
ing He age) is available. For the time being, various labs worldwide use Durango
ﬂuorapatites for He age calibration. Durango apatites occur as part of a martite
deposit located near Cerro de Colorado, Mexico (Young et al., 1969). Accepted
ﬁssion track age for the Durango apatite is 31.6 ± 1Ma (Jonckheere et al., 1993),
while K-Ar dating of bracketing volcanics yield an age of 30.3 ± 0.4 (Naeser and
Fleischer, 1975). Although published Durango He ages show a slight variability in
He age (Table 3.1), it is at the moment the most commonly used mineral in He
dating to test reproducibility of the standard.
In this PhD research, splits of Durango apatite grains (sieve fraction 160-180 µm)
are used. Average Durango He age, based on 12 analyses carried out during the
Ventimiglia series (chapter 4, eight analyses) and Albenga series (chapter 6, four
analyses), yields 32.1 ± 2.0 Ma. This is in good agreement with recent published
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He ages (Table 3.1). For each series of samples (chapter 4 and 6) splits were mea-
sured covering the weight range of the actual samples. As the Durango samples
were measured in the same batch with the actual samples, the Durango ages give a
safe approximation on the analytical error of unknown prior to α-corrections. The
uncertainty of the α-correction has been assessed by repeated length and diameter
determinations of apatites of all samples whereby the standard deviation between
these measurements is taken as a conservative estimate of the α-correction error. In
chapter 4, 5 and 6, a cumulative error (analytical plus α-correction) is depicted.
3.1.8 Apatite grain samples
Apatites are common accessory minerals in a wide range of igneous rocks, but are
also commonly found in metamorphic and sedimentary rocks. In the case of (meta-
morphic) sedimentary rocks, they are referred to as detrital apatites. In this PhD
research, only He dating on detrital apatites was carried out.
Although ﬂuor-apatite is the most common apatite occurrence, other varieties
constitute Chloro-, Hydroxy- and Carbonate apatite. From apatite ﬁssion track
(AFT) thermochronology it is known that chemical composition of the apatites yield
signiﬁcant inﬂuence on the annealing kinetics (e.g. Barbarand et al., 2003a; Carlson
et al., 1999; Crowley, 1985; Laslett et al., 1987). The chemical composition when
dealing with He dating, however, is considered to be unimportant for the He diffusion
rates (Lippolt et al., 1994; Wolf et al., 1996). More important factors controlling
the apatite He ages are crystal grain size and morphology. Unlike AFT dating,
He ages cannot be easily determined on small, subhedral, fragmentary or needle-
like apatite grains, for reasons described in previous sections. Not withstanding
that the following problems may also apply to igneous apatites, detrital apatites
from sandstones generally yield small and poorly shaped grains. Due to their pre-
history of weathering, transportation and sedimentation, the often incomplete and
frosted appearance of the grains makes identiﬁcation of inclusion free grains diﬃcult.
Although microscopic inspection of the apatite grains often avoids selecting grains
with inclusions, in some cases the inclusions are too small to be identiﬁed under a
normal microscope (Fig. 3.6).
The potential presence of inherited helium might result in another factor of un-
certainty when interpreting detrital apatite He ages. In the case that sedimentary
rocks, following their deposition, have never been buried deep enough to reset the
He age, the amount of helium in the apatite grain will be the result from the con-
tribution of several stages: helium accumulated in the source rocks of the apatite
grain and helium accumulated following deposition in the sedimentary basin. In this
case, deriving a thermal history from the rocks is diﬃcult, because one does not
know how much helium was acquired after deposition. One way to overcome the
problem of unknown (in)complete He resetting, is applying a higher temperature
thermochronometer such as AFT. In case the AFT age has been (partly) reset, one
can assume that the rocks must have been deep enough to completely reset the He
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age.
Additional factors that might yield inﬂuence on the He age are for example solar
insolation or forest ﬁres (Mitchell and Reiners, 2003; Wolf et al., 1996). For the rock
samples discussed in this study, the ﬁrst 10 cm of rock was removed for all samples,
except where they were sampled along fresh (road) outcrops.
3.2 Analytical procedures
3.2.1 Sample preparation and mineral treatment
Rock splitting
In order to separate apatite grains from the rock, the samples were processed ac-
cording to standard mineral separation procedures at the mineral separation lab at
the VU (Fig. 3.9). After splitting the sample into small pieces using a large hy-
draulic press, rock pieces were in two steps crushed with a jaw crusher, reducing the
pieces to ∼1 mm in size. Between every step, the sample was sieved over 250 µm
to obtain a ﬁrst order separation in order to avoid damaging apatite grains already
released from the host rock. The >250 µm pieces were then processed through a
bico disk mill. In three steps, the size of the pieces was reduced from 0.6 mm to
0.4 mm. Again, after each step the sample was sieved over 250 µm. The entire
<250 µm fraction was then stored in Na-pyrophosphate for 2 days. The last step
involved washing the samples in the hydro-cyclone to remove the fraction <30 µm.
The 250-30 µm fraction was dried in the oven held at 50◦C.
Mineral separation
The 250-30 µm fraction was further treated by heavy liquid separation and an over-
ﬂow centrifuge (IJlst, 1973), using the density characteristics of apatite (average
ρ = 3.19 g/cm3). The bulk of the sample was removed using di-iodmethane (CH2I2)
having a density of ρ = 3.00 g/cm3. The >ρ = 3.00 g/cm3 fraction was further
treated using di-iodmethane with densities of ρ=3.12 g/cm3 and ρ=3.33 g/cm3.
The 3.12 g/cm3 <ρ< 3.30 g/cm3 fraction was treated in a ﬁnal step using the low
to absent magnetic susceptibility of apatite. A Frantz magnet was employed to re-
move the magnetic minerals and by this almost pure apatite was obtained. Since for
the He dating almost gem quality, inclusion free apatites should be used, each sample
was carefully handpicked. During hand picking the apatite grains were selected on
the morphology, inclusions and crystal damage like fractures. The ﬁrst step in hand
picking involved a rough separation whereby apatites were selected on ﬁrst order
morphological characteristics. In the second step the handpicked apatites were put
in alcohol and inspected under polarised light to detect the best possible grains.
Each of the handpicked samples was photographed for grain size measurements for
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Large hydraulic press 
↓ 
Jaw Crusher 
↓ 
→  sieve over <250 µm 
Bico disk mill 
↓ 
→  sieve over <250 µm 
Na.pyrophosphate 
↓ 
 
Cyclone 
↓ 
Heavy liquid  ρ 3.00 
↓ 
 
Heavy liquid  ρ 3.12 & ρ 3.30 
↓ 
 
Frantz magnet 
↓ 
Handpicking of apatite 
Figure 3.9: Flow chart describing the steps followed during mineral separation.
the α-ejection correction (Farley, 2002; Farley et al., 1996). Following this ﬁnal step,
the apatite samples were ready for He extraction.
3.2.2 Preparation for He extraction
To load apatite grains prior to He extraction, two different capsules were used.
For the ﬁrst He extraction series (series-2000, chapter 4, section 4.2.1), handpicked
apatites were loaded in small copper (99%pure) tubes. The manually folded tubes
were ∼2 cm long and ∼2.5 mm in diameter (Fig. 3.10) and were closed by squeezing
the tube at both ends. The Cu tubes were placed on a thermocouple in the furnace.
Following He extraction the tube could then be unfolded for complete recovering
of the apatite grains. However, during opening of the Cu tubes, several problems
were encountered. The ﬁrst major problem was that the Cu tubes were diﬃcult to
unfold. When force was applied to open the tubes, apatite grains were easily lost.
To avoid losing grains during opening, an alternative procedure was developed in
which the Cu tubes were unfolded partly and subsequently put in a small Teﬂon
beaker ﬁlled with MilliQwater. This was put in an ultrasone bath for 5 minutes,
allowing the apatite grains to sink in the Teﬂon beaker. Checking if all grains were
indeed retrieved in the beaker was sometimes diﬃcult, because due to the surface
tension of the MilliQwater, grains got stuck along the edges of the water drop. A
second problem encountered, was that prior to, and following, He extraction, the Cu
tubes were repeatedly folded and bent. This sometimes resulted in crushing of the
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Figure 3.10: Photograph of manu-
ally folded cupper tube used for the
ﬁrst (U-Th)/He measurements.
small apatite grains. In both cases the incomplete transfer of apatite grains for U
and Th preparation could occur.
To overcome these problems, a set of Inconell cups were designed (Fig. 3.11).
The cups are 9 mm in diameter and 8 mm high. The cups are held tightly in a
half-cylinder that ﬁts exactly in the Inconell tubes of the He extraction line. The
cups are equipped with a seal that can manually be screwed onto the half-cylinder.
This avoids unwanted grain loss when the He extraction line accidentally experiences
shocks when under high vacuum. Prior to ﬁrst usage of the cups and accompanying
material, they were outgassed at 1000◦C in order to avoid possible He contamination
during sample analysis. The cups allow easy retrieval of apatite grains and yield full
control if all analysed grains are retrieved prior to U and Th dating.
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Figure 3.11: Photograph of inconell-cups used to load apatite grains. This set up is currently
the standard equipment used for He extraction at the Vrije Universiteit.
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3.3 Mass Spectrometry
3.3.1 He Mass Spectrometry
Prior to He analysis, the apatite grains were weighted with a 10−6g precision. All
samples were analysed in the noble gas lab of the Vrije Universiteit Amsterdam.
The Ventimiglia (sample code V-99-**) and San Remo (sample code S-00-**) series
samples were measured on a VG5400 dual collector rare gas mass spectrometer.
Following the completion of a new He extraction line, the Albenga series samples
(sample code Alb-01-**) were measured on a Hiden PIC/F3 Quadrupole. Samples,
placed in a 5 ﬁnger extraction unit built in-house, were heated by an external oven.
The samples measured with the Cu tubes (Ventimiglia series-2000, chapter 4, section
4.2.2) were heated for 25 minutes at 950◦C. The samples measured with the inconell
cups were heated for 35 minutes at 950◦C. The longer heating time was chosen to
compensate for a slower heating of the inconell cups vs. the Cu tubes. The samples
measured with the inconell cups were, following the ﬁrst extraction step, re-heated
and measured again. If a sample yielded He during second extraction, it is likely
that He originating from inclusions. However, the absence of He during re-extraction
is no guarantee that the apatites did not have inclusions. If during re-extraction He
was found, the ﬁrst extraction was rejected.
The VG5400 dual collector rare gas mass spectrometer is equipped with a John-
ston electron multiplier and a Farraday cup. He measurements were carried out
using the Farraday cup (1011Ω resistor). Following He extraction, the sample gas
was cleaned according to standard procedures used at the VU (van Soest, 2000).
The gas is ﬁrst exposed for 10 minutes to 2 Ti-getters, held at 200 and 450◦C to
remove most reactive gasses (N2, O2, CO2, hydrocarbons, etc). Following this, the
heavy noble gases are removed by sequential exposure of the gas to 2 charcoal traps
held at the boiling temperature of liquid nitrogen for 10 minutes each. The remain-
ing gas (He and Ne) is exposed for 20 minutes to a charcoal ﬁlled trap cooled to 45
K, allowing almost complete (>99%) cryogenic separation of He from Ne. Helium is
then expanded into the mass spectrometer for abundance determination. A liquid
nitrogen cooled charcoal ﬁnger close to the mass spectrometer source was employed
to minimise the partial pressure of residual gases during analysis. After an inlet
period of 3 minutes, the mass spectrometer is isolated from the preparation line and
He is measured statically. He peak intensities were measured during 32 cycles and
subsequently converted into abundances (ccSTP) using an internal standard (Kru-
sivik geothermal gas, Iceland; reproducibility based on 20 measurements is 2%). He
blanks during analysis were low, usually below detection limit (∼2.0 × 10−12), oc-
casionally up to ∼6.0 × 10−12, and generally not signiﬁcant (1σ errors of blank
measurements exceeded 75%). Blank corrections were not performed, as changes on
the ﬁnal He ages would be usually <1%.
The Hiden PIC/F3 Quadrupole is equipped with a multiplier which is operated
in ion-counting mode. Following He extraction, the sample gas is expanded in the
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He preparation line for a two-step clean up procedure. At ﬁrst, the gas is exposed for
10 minutes to a SAES getter, held at ∼450◦C. The gas is subsequently exposed to a
liquid nitrogen cooled 3 zeolite ﬁnger for 10 minutes to remove the heavy noble gases.
During the clean-up procedure, the gas is exposed to SAES (ST707) getter material
at room temperature. Following the cleaning procedure, the gas is expanded into
the mass-sectrometer. After an inlet period of 1 minute, the mass spectrometer was
isolated and helium data is collected statically in 100 cycles. Helium abundances in
counts per second were converted to ccSTP using an internal standard (pure 4He;
reproducibility of internal standard is 2%). He blanks during the Albenga samples
analyses were in the order of ∼1.3 × 10−11 ccSTP. For some samples, this yielded
a signiﬁcant fraction on the detected He abundances and blank corrections were
made. Samples for which blank corrections have been applied are listed in Table 6.1
in chapter 6.
3.3.2 U and Th ICP-MS
Clean Lab procedures
Since no standard procedure for the treatment of apatite grains for (U-Th)/He anal-
ysis was available at the VU, a new procedure was developed following general prepa-
ration methods described in literature (House et al., 2000; House et al., 1997; Reiners
et al., 2000). The U and Th preparation method was applied consistently to all sam-
ples measured in this study. Samples were prepared in 7 ml Teﬂon (PFA) beakers
that were ﬁrst carefully cleaned following standard clean-lab procedures. After trans-
ferring the apatite grains of each sample into the beakers, 10 drops of concentrated
HNO3 and 10 drops of concentrated HF were added and samples were subsequently
dried on a hotplate at 100◦C. This treatment was repeated by adding 5 drops of
concentrated HNO3 and HF to the sample. To assure complete dissolution of the
apatites and possible inclusions the ﬁnal step involved once again 5 drops of concen-
trated HNO3 and 5 drops of concentrated HF but this time the beakers were sealed
and left on a hotplate at 100◦C for 24 hours. Following this, the beakers were dried
once more, thereby completing the dissolution procedure. For the ﬁnal preparation
for U and Th analysis 0.8ml 2.0N HNO3 was added to each sample. The sealed
beakers were left on a hot plate at 100◦C for 2-3 hours. After cooling, MilliQ-water
was added to obtain the appropriate sample volume needed for ICP-MS analysis.
U and Th ICP-MS measurements
U and Th concentrations were measured on an HP4500Plus Inductively Coupled
Plasma mass spectrometer (ICP-MS) at the Vrije Universiteit Amsterdam. Accuracy
for U and Th analysis carried out on this machine have been reported to be generally
less than 5% (P. Vroon, pers. communication, 2001). In order to obtain the highest
precision, the ICP-MS sensitivity is tuned using Thallium, the element closest to U
and Th (P. Vroon, pers. communication, 2001).
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Table 3.2: Literature U and Th values for BHVO standard. In this research, values of
Eggins (1997) are used, see text for discussion. N.R. = not reported
Standard U Th Reference
BHVO-I 0.42 1.08 Govindaraju (1994)
BHVO-I 0.41 1.19 Vroon (1994)
BHVO-I 0.42 1.26 Egging (1997)
BHVO-I 0.42 1.22 Dulski (2001)
BHVO-I N.R. 1.1 United States Geological Survey Certiﬁcate of Analysis (2003a)
BHVO-2 N.R. 1.2 United States Geological Survey Certiﬁcate of Analysis (2003b)
For the ﬁrst batch of samples (series-2000 samples, see chapter 4, section 4.2.1) 10
ml sample solution was needed in order to allow duplicate analysis on each sample. In
January 2001 a new nebulizer was obtained for the ICP-MS, requiring only 3.5 ml
solution in order to allow triple analysis on the same sample. The small sample
volume is of importance given that it will yield a smaller dilution factor, hence
more accurate measurements. Often the dilution factor used for the measurements
was very high (>500,000), which consequently leads to lower count rates during
measurement. The eﬀect of the high dilutions is, however, regarded as minimal. This
is demonstrated by the analysis of single grains of the Durango standard material.
As the weights of the single grains Durango material are comparable to the weight of
the samples, the dilution factors are comparable. Because single grain Durango He
ages (33.1 ± 0.8, average of Dur 4 and 5, Table 4.2 in chapter 4) are indistinguishable
from the mean of twelve Durango analyses of this study (32.1 ± 2.0, Table 3.1), it
is safely assumed that the samples’ U and Th measurements are reliable.
Abundance determinations were carried out by peak-height comparison to a so-
lution of BHVO-2 (United States Geological Survey Certiﬁcate of Analysis, 1998)
standard. Following every two samples, a BHVO-2 standard was measured. Drift
corrections were made by recalculating the measured values to literature-deﬁned
values. For this research, values of U = 0.42 ppm and Th = 1.26 ppm were used
(BHVO-1, Eggins et al., 1997). Although in our measurements BHVO-2 was used,
U and Th concentrations for BHVO-1 and BHVO-2 are comparable (P. Vroon, pers.
communication, 2003). Reported BHVO U and Th values vary depending on used
literature source (Table 3.2). Hence, they are signiﬁcant for the measured U and
Th values (and subsequently the calculated He ages). Although more recent mea-
surements are available (Dulski, 2001), in order to compare the Ventimiglia with the
Albenga samples, the Eggins et al. (1997) values were used for the Albenga samples.
To avoid the uncertainty induced by using different values, spiking for U and Th
will be applied in the future at the VU. However, for the samples measured during
this PhD research, spiking was not possible yet.
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3.4 Apatite Fission Track thermochronology
The application of apatite ﬁssion track thermochronometry as a geological dat-
ing tool has been used for several decades. In principle it is a radiometric ther-
mochronometer based on the radioactive decay of a particular element. However, un-
like other thermochronometers, such as (U-Th)/He dating where the parent/daughter
elements are routinely measured by mass spectrometry, apatite ﬁssion track is based
on the spontaneous ﬁssion of 238U whereby the ﬁngerprint of such process is anal-
ysed. First proposed in the early 1960s, apatite ﬁssion track analysis has over the
last decades been widely used as a thermochronological tool for reconstructing the
tectono-thermal evolution of mountain belts, passive/active margins, sedimentary
basins, etc. (e.g., Andriessen and Zeck, 1994; Batt et al., 2000; Brown et al., 2000;
Gallagher et al., 1994; Hendriks and Andriessen, 2002; Juez-Larre, 2003; Murrell,
2003).
3.4.1 Application and dating
Fission track formation
When a 238U atom decays by spontaneous ﬁssion, it splits into two highly charged
ﬁssion fragments of approximately equal mass. Due to their equal charge, they
repel each other and travel in a random, though opposite direction (Fig. 3.12). It
is assumed that the passage of these charged particles through the host mineral
ionises atoms in the crystal lattice, thereby creating linear zones of damage: ﬁssion
tracks (e.g., Fleischer et al., 1975; Wagner, 1968). This model explaining the track
formation is called the ion spike explosion model (Fleischer et al., 1975) and is
currently the preferred basic model for track formation (see e.g., Wagner and van
den Haute, 1992 for an overview of track formation models). These natural tracks,
or commonly referred to as “spontaneous tracks”, are produced almost exclusively by
the spontaneous ﬁssion of the isotope 238U. The formation of ﬁssion tracks by other
naturally occurring isotopes, such as 235U and 232Th, can be disregarded because of
their much slower rates of decay by ﬁssion (e.g., Gallagher et al., 1998).
The initial length of the ﬁssion track depends on the material properties of the
host mineral; newly formed tracks in natural samples have typically a length of about
16 µm and a width of few angstroms (Wagner and van den Haute, 1992). Because of
their small size, ﬁssion tracks can only be directly observed through a transmission
electron microscope. However, chemical etching reveals the ﬁssion tracks as the
etchant selectively dissolves the damaged zones, yielding a suﬃcient enlargement so
that these tracks can be studied under an optical microscope (magniﬁcation > 500×,
Price and Walker, 1962). Track lengths should be measured on surfaces parallel to
the c-axis of the crystal and on tracks that are completely contained within the host
mineral (conﬁned track lengths).
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Figure 3.12: Schematic illustration
showing the ion spike explosion model
for the formation of a ﬁssion track
(Fleischer et al., 1975). A. Trace
amounts of 238U are present in the
crystal lattice (black dot). B. Spon-
taneous ﬁssion of 238U produces two
highly charged particles that repel
each other. Passage of the charged
particles causes damage to the crys-
tal lattice through ionisation or elec-
tron stripping. C. After the particles
come to rest, they leave a damage
trail, or ﬁssion track. Tracks can-
not be observed optically unless chem-
ically etched. Figure modiﬁed after
Gallagher et al (1998) and Hendriks
(2003).
Fission track annealing
The damage zoned in the crystal lattice caused by ﬁssion can be repaired naturally
until it is disappeared. This process is known as “annealing”. From laboratory
experiments it is suggested that the main factors causing annealing are temperature
and time (Fleischer et al., 1975; Wagner, 1968), apatite chemical composition and
crystal structure also play (minor) roles (Barbarand et al., 2003b; Carlson, 1990;
Green et al., 1986). Recently also a pressure dependence on annealing characteristics
has been proposed by Wendt et al. (2002), however, their work is currently being
critically debated (Donelick et al., 2003; Kohn et al., 2003; Vidal et al., 2003).
At geological timescales, ﬁssion tracks formed in apatite anneal completely at
temperatures >110◦C (e.g., Gleadow and Duddy, 1981; Green et al., 1986; Naeser,
1979). Between 110 to 60◦C annealing occurs at decreasing rates. This temperature
range is referred to as the Partial Annealing Zone (PAZ, e.g., Gleadow and Duddy,
1981; Naeser, 1981). From 60◦C to surface temperatures, track annealing is supposed
to be negligible. However, spontaneous tracks, measured in natural samples that
are considered to have rapidly cooled through the PAZ and have remained at near
surface temperatures since their formation (e.g., volcanic ash), have a mean track
49
Chapter 3
length of 14-15 µm, which is ∼1-1.5 µm shorter than freshly induced tracks (e.g.,
Gallagher et al., 1998). This diﬀerence in length is thought to be the result of natural
annealing over millions of years (e.g., Vrolijk et al., 1992). Because of the diﬃculty
in quantifying the amount of annealing that occurs at such low temperatures over
geological timescales this is still a matter of debate (Gallagher et al., 1998). Although
the application of a lower temperature thermochronometer, such as the (U-Th)/He
method, could be usefull, the intercalibration has not been explored extensively yet
(House et al., 1997; Stockli et al., 2002). There are additional factors complicating
the understanding of thermal annealing, such as the tracks orientation with respect
to the crystallographic c-axis and chemical composition. Regarding the ﬁrst, tracks
at high angles to the apatite crystallographic axis are known to anneal faster than
tracks at low angles (e.g., Crowley, 1985; Donelick, 1991; Green et al., 1986).
The chemical composition of the apatite crystal has been shown to exert signiﬁ-
cant inﬂuence on the annealing kinematics (e.g., Carlson et al., 1999; Crowley, 1985;
Green et al., 1986; Laslett et al., 1987). This has direct implications on the limits
of the PAZ (e.g., Carlson et al., 1999; Murrell, 2003). For extreme compositions,
the upper boundary of the PAZ (where total annealing takes place) may be as low
as 90◦C or as high as 200◦C (e.g., Ketcham et al., 1999; Murrell, 2003). However,
despite the large number of studies, the role played by the chemical composition
on annealing is still poorly understood (e.g., Carlson et al., 1999; Crowley, 1985;
Green et al., 1986; Laslett et al., 1987). Cl content is the most commonly considered
indicator of annealing variability with Cl rich apatites being more resistant than F
rich apatites (e.g., Green, 1988; Green et al., 1986). Other indicators for annealing
behaviour proposed have been ionic porosity (e.g., Carlson, 1990) or etch pit diame-
ter Dpar (Donelick, 1993). Recently, the measure of etch pits intersecting a polished
and etched surface (Dpar) is claimed as the best parameter to incorporate the eﬀect
of chemical composition (e.g., Ketcham et al., 1999). However this has not been used
for the apatite samples discussed in this research even though the eﬀect of chemical
composition variability on annealing between apatite grains from one sample is most
likely to be seen in detrital apatite samples as they may have different source areas.
3.4.2 Age calculation
In this study, the External Detector Method (EDM, Gleadow and Duddy, 1981)
has been applied for FT age determination (Fig. 3.13). This method has the ad-
vantage that the same area of an apatite crystal is used to determine the density
of spontaneous and induced tracks. In order to calculate the FT age, the number
of spontaneous tracks and 238U (parent) content has to be determined per unit of
surface in each crystal grain. Spontaneous tracks can be counted directly, on a pol-
ished and etched internal grain surface, using an optical microscope. The number
of 238U atoms is derived from the number of induced tracks. Induced tracks are
formed by irradiating a sample with low energy-thermal neutrons, which induces ﬁs-
sion in 235U. Provided the thermal neutron ﬂux is monitored, the number of induced
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Apatite grain with tracks
mounted in epoxy
Grinding and polishing
Etching reveals spontaneous tracks
Etching reveals induced tracks in mica
Mica detector placed in contact with polished surface
Irradiation induces track formation in the apatite grain.
Some tracks pass through detector
Figure 3.13: Cartoon
describing the apatite
mount procedure. Fig-
ure modiﬁed after Gal-
lagher et al (1998) and
Murrell (2003).
tracks is indicative for the amount of 235U atoms present. As the ratio 235U/238U is
constant in nature, the parent distribution can be estimated.
Prior to irradiation, a thermally annealed, low U-content mica is placed in close
contact with the polished and etched grain surface of the apatite mound. A dosime-
ter, a glass with a known U content, accompanies the irradiation pile. The sam-
ple/dosimeter arrangement serves to monitor the thermal neutron ﬂuence during
irradiation when induced ﬁssion tracks are formed. A FT age is calculated as fol-
lows (Naeser, 1979; Price and Walker, 1963):
Age =
1
λD
ln
(
1 +
ρsλDσIφg
ρiλF
)
(3.8)
where λD = total decay constant for 238U (1.551 × 10−10yr−1), λF = decay con-
stant for spontaneous ﬁssion of 238U (between 7 × 10−17yr−1 to 8.5 × 10−18yr−1,
Wagner and van den Haute, 1992), σ = cross-section for thermal neutron-induced
ﬁssion of 235U (584.25 × 10−24 cm2), I = isotopic ratio 235U/238U (7.252 × 10−3), φ
= thermal neutron ﬂuence (neutron/cm2), ρi = neutron induced track density from
235U (track/cm2), ρs = spontaneous track density from 235U (track/cm2) and g =
geometry factor (0.5 for EDM, Wagner and van den Haute, 1992).
3.4.3 Zeta age calibration
Because of the uncertainty about the exact value of λF and problems in determining
absolute values for the neutron ﬂuence (e.g., Hurford and Green, 1983), the so-called
ζ (“zeta”) method is adopted (Hurford and Green, 1982, 1983). In the ζ method,
the FT age of a sample is calibrated against one or more age standards. Standards
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with a known age are irradiated together with standard dosimeters. In this way, the
unknowns (λF and φ) are combined in one term, ζ, which is simultaneously solved
using the age standard and related density on the mica dosimeters. For different
minerals and different ﬁssion track researchers, the ζ values showed to be different
(Hurford and Green, 1983).
Induced track density (ρd) for each standard glass is a measure for the neutron
ﬂuence. The ratio between the thermal neutron ﬂuence (φ) and ρd is:
φ = Bρd (3.9)
where the constant B expresses the proportionality between neutrons and induced
tracks. Equation (3.8) can then be written as:
Age =
1
λD
ln
(
1 +
ρsλdBρdg
ρiλF
)
(3.10)
where ρd is the ﬁssion track density in the external detector covering the glass
dosimeter during irradiation (track/cm2). For each particular glass dosimeter, the
ζ factor (year/cm2) is deﬁned as:
ζ =
eλdTstd − 1
λd(ρsρi )stdgρd
(3.11)
where Tstd= age of standard (years) and (ρs/ρd)std is the ﬁssion track density
ratio of the standard. If a personal value is obtained by the ﬁssion track analyst,
every unknown grain age can be calculated as:
FTage =
( 1
λd
)
ln
(
1 + gλdζρd
(Ns
Np
))
(3.12)
where Ns and Ni are the number of spontaneous and induced tracks counted.
In this study, the FT age determinations were done by prof. P. Andriessen and
using a ζ-value, for both the V-99-** as the Alb-00-** samples, of 334.5 ± 6.6. The
CN-5 dosimeter glass was used to monitor the neutron ﬂuence, with the Fish Canyon
tuﬀ apatite as standard.
3.4.4 Pooled, mean and central ages
To calculate FT ages, 20 to 30 grains were measured for each of the samples. The FT
age can be calculated on the basis of the pooled, central and mean age. The mean
age is an arithmetic average of the individual grain ages; the pooled age is based
on Poissonian statistics, assuming that all grains are from a single population. The
central age is based on the log distribution of single grain ages, weighted by individual
grain measurement precision (Galbraith and Laslett, 1993). To test whether all
grains in a sample belong to a single population, a χ2-test is performed (Galbraith,
1981). A value of P(χ2) > 5% is taken as evidence that the age population represents
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a homogeneous age population; in this case the pooled age given. In the case P(χ2)
< 5% , the sample is considered to contain multiple age populations and the central
age is reported. Mixed ages can result from variations in apatite composition (see
4.3.1.2) or because they consist of apatites originating from different sources (as
often in detrital apatites from (metamorphosed) sedimentary rocks).
3.4.5 Apatite ﬁssion track annealing and modelling
Over the last decades, several models have been proposed aiming to model the
kinetics of track annealing in apatite (Carlson, 1990; Crowley et al., 1991; Ketcham
et al., 1999; Laslett et al., 1987). These models are based on laboratory experiments
in which apatites containing freshly induced tracks are exposed to different ranges
of temperatures for known periods of time so that the behaviour of induced tracks
can be determined. Examples of these models are the annealing model of Crowly
et al. (1991), which is based on F-rich apatites or the annealing model of Laslett et
al. (1987), which is based on the annealing characteristics of the Cl-rich Durango
apatite. Recently, also composite models have been proposed (Ketcham et al., 1999).
Although these models all describe ﬁssion track annealing processes, there are some
important diﬀerences between them (see e.g., Gallagher et al., 1998 for review).
The annealing model of Laslett et al. (1987) has been considered to best ﬁt
the natural data and is therefore commonly used in thermal modelling studies. A
common problem with this annealing model however, is the so-called “late Neogene
cooling eﬀect”. This eﬀect occurs primarily because of the initial track length pa-
rameter (l0) in the annealing model is based on the mean length of induced tracks
which have an l0 1-1.5 µm longer than the spontaneous tracks measured in samples
that have been at near surface temperatures since their formation. The Laslett et
al. annealing model does not suﬃciently account for annealing occurring at low tem-
peratures over geological timescales and the model produces thermal histories that
stay at elevated temperatures until late in their evolution in order to reproduce the
measured length distribution. One way to deal with the artefact is reducing the ini-
tial track length parameter in the thermal model; however, this induces an empirical
correction that needs to be carefully understood before being applied (e.g., Gunnell
et al., 2003).
Thermal modelling for the ﬁssion track data presented in this study has been
carried out using AFTSolve (Ketcham et al., 2000), using the Laslett et al. (1987)
annealing model. This program produces statistical t-T paths that best ﬁt the
FT age and track length distribution for each sample. The t-T paths are enclosed
in several envelopes, each describing the degree of best ﬁt. The outer envelope
encompasses thermal histories that cannot be ruled out by the data. The internal
envelope produces t-T histories that are supported by the data. Finally, also a best
ﬁt is given (Ketcham et al., 2000). During modelling, a present-day temperature of
10◦C is assumed, while a value of 16.3 µm is used for initial track length.
Besides the complications with AFT modelling arising from the applied annealing
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model, additional problems are present. One of them is the resolution of track
length distribution. Since the thermal evolution is represented by the track length
distribution, as much tracks as possible should be counted in order to achieve a
statistical representative population. Commonly, this is in the order of 100 tracks.
However, in the case of young samples, or samples with low U content, it is not
always possible to count a suﬃcient number of tracks. This may result in a large
uncertainty of the modelled thermal history. Other problems involve the inability
to reproduce re-heating events and the inability of the model to accurately discuss
annealing < 60◦C.
3.4.6 Fission Track preparation methods at the VU
Apatite ﬁssion-track analyses were conducted at the Vrije Universiteit Amsterdam.
Apatites, taken from samples on which also (U-Th)/He dating has been performed,
were mounted in epoxy and ground and polished. For the Ventimiglia samples
(Table 4.3, chapter 4) only one mount was prepared for irradiation and age determi-
nation. Tracks lengths for the Ventimiglia samples were measured on age mounts.
For the Albenga samples (Table 6.2, chapter 6), two mounts were prepared: one
for irradiation and age determination (EDM) and another for length measurement.
Spontaneous tracks were revealed by etching these apatites for 20 seconds in 5 N
HNO3 at 21 ± 1.5◦C. Mounts were covered with a low-U muscovite external detec-
tor and then irradiated for 14 hours at the low ﬂux reactor of the ECN at Petten
(NL). Neutron ﬂux was monitored by two dosimeter glasses of known U content, in
this study the CN5 glass was used. After irradiation the micas were removed from
the apatites and dosimeter glasses. The micas from the glasses were etched in 48%
HF for about 30 minutes at room temperatures, while the micas from the samples
were etched for 12 minutes. Tracks were counted on an AxioPlan microscope under
1000× magniﬁcation with a 100× dry lens.
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3.5 Landscape evolution derived from (U-Th)/He
dating: inferences from thermal modelling
3.5.1 Topography and perturbing isotherms
The quantiﬁcation of the eﬀects of surface topography on warping isotherms in the
Earth crust has received much attention in the recent past. In most models that
have been applied to explain rates of landscape evolution or reconstruct vertical
movements occurring in the upper crust, it is assumed that isotherms are parallel
to the Earth’s free cooling surface. This assumption is a valid approximation for
the description of vertical movements in the deeper crust as the distance of such
rocks to the surface is large (e.g > 10 km) compared to the amplitude of the topog-
raphy of mountain belts (likely <5 km). At shallower crustal levels, however, this
assumption is not met, as isotherms are likely to follow the shape of the topography
in a smoothed fashion (Stu¨we et al., 1994). For less than <100◦C, isotherms will
be relatively far apart underneath topographic ridges and denser spaced underneath
valleys (Fig. 3.14, Braun, 2002; Stu¨we and Hintermu¨ller, 2000; Stu¨we et al., 1994).
Consequently, different geothermal gradients are present underneath ridges and val-
leys. This will eﬀect thermochronological data (Stu¨we et al., 1994). Nonetheless,
ﬂat isotherms are implicitly assumed in the interpretation for models reconstructing
exhumation (or denudation) rates based on, for example, an age-elevation relation
(AER) using low temperature thermochronometers (e.g., Gallagher et al., 1998 and
references therein). Stu¨we et al. (1994) showed that, depending on topographic
wavelength and amplitude, exhumation rates derived from age-elevation relations
are signiﬁcantly overestimated for exhumation rates > 1 km/My, which they at-
tributed to the compression of the isotherms underneath the topography.
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Figure 3.14: Cartoon showing the inﬂuence of topography on perturbation of isotherms.
Shallow isotherms follow topography closely, while deeper isotherms are less inﬂuenced by
topography. Figure modiﬁed from Stu¨we et al. (1994).
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Figure 3.15: Reconstruction of paleo-
topography utilising the apatite (U-Th)/He
system. He ages of samples collected along
a ∼200 km long transect in the Sierra
Nevada mirror roughly the present-day to-
pography. Figure redrawn from House et
al. (1998).
100
80
60
40
H
e 
ag
e 
(M
a)
El
ev
at
io
n
 (k
m
)
Distance (km)
3
2
1
0 50 100 150
Because of its low temperature sensitivity (∼40-80◦C, Wolf et al., 1998), the (U-
Th)/He system is likely to be susceptible to topographic eﬀects on the corresponding
isotherms (Braun, 2002; Ehlers and Farley, 2003). This sensitivity to topographic
eﬀects is not necessarily a drawback. It has been demonstrated that the apatite
He system can be used in reconstructing recent relief changes or reconstruction of
paleo-topography (Braun, 2002; House et al., 1998). In the case example of the
Sierra Nevada, California, He ages of samples collected over a transect of ∼200 km
mirrored roughly the present day topography (Fig. 3.15, House et al., 1998). Ehlers
and Farley (2003) showed, based on 3D modelling, that diﬀerences in age-elevation
relations for (U-Th)/He data can be used to constrain in detail landscape evolution
models.
In this section, it is investigated how the isotherms of interest for the (U-Th)/He
system deﬂect when topography develops and how this inﬂuences the slope of an
age-elevation relation (AER). Previous models (e.g., Braun, 2002; Stu¨we and Hinter-
mu¨ller, 2000; Stu¨we et al., 1994) have considered only large topographic wavelengths
(>20 km). However, it is likely that smaller topographic wavelengths (<5 km) have
an inﬂuence on isotherms as well, especially when sampled along a vertical proﬁle in
order to obtain an age-elevation relation. Furthermore, previous models have used
an analytical solution to the two dimensional diffusion-advection under steady-state
conditions (e.g., Braun, 2002; Stu¨we et al., 1994). The thermal model used for
the study presented here allows for a non-steady state solution. Although a simi-
lar approach has been discussed by Mancktelow and Grasemann (1997), their work
concentrated on implications for apatite ﬁssion track dating. Another advantage of
the thermal model used in this study is that in principle all kinds of topography
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can be modelled. In previous models the topography was deﬁned using sinusoidal
functions (Braun, 2002; Stu¨we and Hintermu¨ller, 2000; Stu¨we et al., 1994). The
thermal model applied here is not bounded by such limitations and allows a much
larger degree of freedom in deﬁning the topography and imposing ways to change it.
3.5.2 Previous work
The ability of topographic relief to perturb isotherms in tectonically active systems
has been recognised for several years (Braun, 2002; Mancktelow and Grasemann,
1997; Moore and England, 2001; Stu¨we and Hintermu¨ller, 2000; Stu¨we et al., 1994).
Assuming a steady-state situation, Stu¨we et al. (1994) noted that substantial per-
turbation of the ∼100◦C isotherm occurs for denudation rates above 1 km/My at
topographic wavelengths more than 20 km. This eﬀect would increase for larger
wavelengths and higher denudation rates. For lower denudation rates, the eﬀect of
perturbed isotherms is insigniﬁcant for the 100◦C isotherm (Stu¨we et al., 1994).
Mancktelow and Grasemann (1997) further reﬁned the concept of perturbing
isotherms by incorporating a time-dependent heat advection equation. They con-
centrated on the 100◦C and higher isotherms and concluded that the critical pa-
rameters that perturb the temperature distribution are the topographic wavelength
and amplitude. Beneath valleys the geothermal gradient is rather insensitive to a
change in topographic wavelength and amplitude compared to changes underneath
ridges. For relatively small topographic wavelengths, the lateral cooling eﬀect in
the V-shaped valleys is too large and <100◦C isotherms will not bend deep into the
topography. However, at increasing wavelengths but the same vertical relief, valleys
become more open thereby allowing the 100◦C isotherm to follow the shape of the
topography. This will result in overestimation of exhumation rates derived from a
ﬁssion track age-elevation relation.
Braun (2002) investigated how recent changes in surface relief amplitude (i.e.
changes that took place after a sample cooled through the closure temperature)
inﬂuence apatite (U-Th)/He ages and the consequences this has on an age-elevation
plot (i.e. the slope of an AER). It was demonstrated that for long wavelength
topographies (e.g. ∼50 km), the slope of an AER, calculated from apatite He ages,
could eventually become inverted in the case of a signiﬁcant recent lowering of relief.
In other words, younger He ages are found at the ridges and older ages are found
in the valley ﬂoors, a consequence of a perturbation of the isotherms on the (U-
Th)/He system. To describe the amplitude of isotherm perturbation, Braun (2002)
introduced a parameter, α, (Fig. 3.16) that takes into account the vertical deﬂection
of the (closure) isotherm relative to the amplitude of the surface topography (Braun,
2002; Stu¨we et al., 1994). Alpha is deﬁned as (Zv-Zr)/H, with Zv as the depth of the
closure isotherm beneath a valley with respect to mean topography (Hm), and Zr
the depth of the closure isotherm below a ridge with respect to the mean topography.
H is the topographic amplitude. For situations when isotherms are not aﬀected by
surface topography (i.e. they are ﬂat) α= 0; in the case when the isotherms perfectly
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Figure 3.16: Two scenarios in which exhumation rate is calculated from the slope of the
age-elevation relation (AER) plot. A. For a high temperature thermochronometer the
slope of the AER equals the imposed exhumation rate. B. For a low temperature ther-
mochronometer, the slope of the AER overestimates the exhumation rate, a direct result
of the perturbation of isotherms. Tc = closure isotherm, H = topographic amplitude,
Hm=mean elevation, Zv=depth to closure isotherm underneath a valley, Zr=depth to clo-
sure isotherm underneath a ridge, α= the amplitude of isotherm perturbation and is deﬁned
by the depth to an isotherm below the valley ﬂoor minus the depth to an isotherm below
the ridge with respect to mean elevation (Hm). In case when isotherms are unaﬀected by
topography, α=0, in case when isotherms follow the topography, α=1. Figure modiﬁed
after Braun (2002).
follow the topography, α= 1 (Fig. 3.16, Braun, 2002; Stu¨we et al., 1994). A recent
study by Reiners et al. (2003) makes use of this parameter to discuss the eﬀect
of perturbed isotherms on calculated exhumation rates from the Dabie San Massif,
eastern China.
Previous models investigating the perturbation of isotherms underneath topog-
raphy used analytical solutions to the two-dimensional diffusion-advection equation,
whereby it was assumed that the system was in steady state. The steady state
assumption requires that regions have been denuding long enough for the upward
advection of heat (resulting from erosion) to be balanced by cooling from the surface,
while depth changes of the isotherms with respect to the surface have ceased (e.g.,
Braun, 2002; Stu¨we et al., 1994). Furthermore, the steady state condition requires
that the denudation rate in all points along the topography is the same (Braun, 2002;
Stu¨we and Hintermu¨ller, 2000; Stu¨we et al., 1994). The concept of a steady-state
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approach simpliﬁes the analytical solution, however, when applying it to mountain
ranges and orogenic belts it is probably an oversimpliﬁcation as discontinuous (or
episodic) processes are likely to be prevalent (e.g., Carrapa et al., 2003; Kamp et al.,
1989).
In the models investigating the relationship between warping isotherms and to-
pography, simple geometric valley-ridge systems are used (this study; Braun, 2002;
Mancktelow and Grasemann, 1997; Stu¨we et al., 1994). In recent years, several
advancements have been made in surface process modelling (e.g., Tuker and Slinger-
land, 1997; Kirkby, 1986; van der Beek and Braun, 1998; Willgoose et al., 1991).
Surface process models can incorporate parameters such as diffusion transport, ad-
vective (river) transport, erosion rates etc. and therefore allow detailed reconstruc-
tion and/or prediction on evolving landscapes. However, these models often focus
on the actual surface processes and do not incorporate calculations on the ther-
mal state of the underlying crust they are eroding. Although increasingly accurate
coupled models become available that allow studying the interaction between sur-
face processes and thermal structure of the crust (e.g., Braun and Sambridge, 1997;
Garcia-Castellanos, 2002; Beaumont et al., 2000), for the modelling purposed dis-
cussed in this study, simpliﬁed valley-ride systems are adequate.
3.5.3 Numerical modelling
Model parameters
In this study, a 2D numerical model (ter Voorde, 1996; ter Voorde and Bertotti, 1994)
is used, which gives a numerical solution of the heat-equation and can deal with non-
steady state solutions. The numerical calculations are made using a ﬁnite diﬀerence
model, which solves the time dependent heat equation in two dimensions. The
model incorporates heat production whereby it is assumed that the heat producing
elements are located in the upper crust (ter Voorde and Bertotti, 1994). The thermal
properties of the model have been calibrated in several studies (Bertotti and ter
Voorde, 1994; Bertotti et al., 1997; Gaspar-Escribano et al., 2004; ter Voorde and
Cloetingh, 1996). The application of this thermal model to thermochronological
studies has recently been demonstrated (ter Voorde et al., 2004).
In order to test the inﬂuence of topography on isotherm perturbation, a (crustal)
cross-section representing an area of 20 km long and 10 km deep was deﬁned (Fig.
3.17a), in which the grid spacing was set to 0.1 km. In the model, the Earth free
cooling surface corresponds to the surface temperature, which is set at 10◦C. The
depth of the model is chosen deeper than the region of interest in order to avoid
boundary eﬀects. Crustal heat production is incorporated and the base of the model
at 125 km depth is set at 1200◦C. In the upper crust, the initial geothermal gradient
is 25◦C/km.
The parameters used in the thermal calculations are listed in Table 3.3. Values
for heat production, thermal diﬀusivity etc. represent geologically realistic values
59
Chapter 3
 
 
 
 
 
1
-1
0
3
5
7
1
-1
0
3
5
7
D
ep
th
 (k
m
)
D
ep
th
 (k
m
)
Width (km)
Width (km)
4 8 12 16
4 8 12 16
3 km
V
R
I
Slope for AER
A
B
C
40
40
80
80
120
120
Hm
ZrZv
a = 0.2
t = 6.9 Ma (= denudation rate 1 km/Ma)
t = 9.9 Ma
Surface
Surface
10 Ma
9.95 Ma
40
80
120
160
1
-1
0
3
5
7
D
ep
th
 (k
m
)
Width (km)
4 8 12 16
t = 10 Ma
Surface = 10 C isotherm
Figure 3.17: Illustration of the model used to study the eﬀect of landscape evolution on
He ages. In this example, a 4 km wide by 4 km deep (4x4 km) topography is created
experiencing 3 km of denudation at a rate of 1 km/My. A. Conﬁguration of model set up
at start of model run. Black dots are points for which the t-T evolution is recorded during
model run. Isotherms have a 10◦C contour interval, with the 10 degree C isotherm marking
the surface. B. Situation at 9.9 Ma. Topography of 4 km wide and 4 km deep valleys has
incised in 100 ky after model start. Incision of topography is indicated by the dashed lines.
C. 6.9 Ma. Model has experienced 3 km of denudation at rate of 1 km/My. When the
topography equals the t-T points, the model run is halted. Hm, Zr, Zv and α as in Figure
3.16.
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Table 3.3: Model parameters used
parameter description constant
T (surface, 0 km) 10
T (base, 125 km) 1200
Thermal diﬀusivity 1 x 10-6 (m2/s)
Heat production 2.4 x 10-6 (W/m3)
Thickness heat producing layer 5 km
Speciﬁc heat 1100 J/kgK
Geothermal gradient (initial) 25◦C/km
horizontal x direction 20 km
vertical z direction 10 km
time steps 199
grid points 199
Dx (gridspacing x direction) 100m
Dz (grid spacing z direction) 50 m
often used in the literature (ter Voorde, 1996 and references therein).
Modelling strategy
To asses the thermal structure of a rock column underneath a developing topography,
2D topographic models are constructed. In a ﬁrst set of models, the wavelength and
shape of topography is held constant, i.e. valleys and ridges are regarded as “static”
features that do not move with respect to each other. In a second group of models,
a time and place-dependent topography is studied. For both groups of models,
topographies yielding three different amplitude and wavelengths are discussed in the
following sections. The ﬁrst type of topography has valleys that are 4 km wide in its
upper part and are 4 km deep (hereafter referred to as a 4x4 valley). Although this
kind of topography is rather extreme, valleys like these are not uncommon in orogenic
belts like the Himalayas or the Andes (e.g., Montgomery et al., 2001; White et al.,
2002). The second type of topography modelled consists of a valley that is 4 km
wide in its upper part and is 2 km deep (hereafter referred to as a 4x2 valley). Such
an open and wide topography might apply to, for example, the Appalachians. The
last type of modelled topography has valleys that are 2 km wide in their highest part
and are 2 km deep. Topography of this nature is found in relative small mountain
belts like the Ligurian Alps or the Apennines (e.g., Sestini, 1984 and chapter 4 and
6).
The models are subjected to different denudation rates in order to study their
inﬂuence on calculated He ages. Applied denudation rates range from 0.2 km/My up
to 3 km/My and are thought to represent various geological settings such as passive
margins settings (where denudation rates are relatively slow (e.g., Gallagher et al.,
1994; Persano et al., 2002) to tectonic active areas such as collision zones (where
denudation rates can be up to 1-3 km/My (e.g., Armstrong et al., 2003; Benjamin
et al., 1987; Brandon et al., 1998).
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Model set up
In the following, a general outline of the model procedure and how the topography
is deﬁned is presented describing an example of a topography that has 4 km wide
and 4 km deep valleys experiencing denudation at 1 km/My (Fig. 3.17). The re-
sults obtained for all models discussed in section 3.5.4 are run following this general
procedure, however for each models the time, the rate etc. is varied. Topography
and erosion are simulated in the models by varying the Earth free cooling surface
(i.e. the surface temperature boundary condition; hereafter termed the surface, Fig.
3.17). This approach has been demonstrated by ter Voorde et al (2004) to yield a
detailed deﬁnition of various topographic scenarios.
At the start of each model run (for example at t = 10 Ma, Fig. 3.17a), the Earth
surface is ﬁxed at 0 m and no topography is present. In order to let a mountainous
scenario develop, the surface line is redeﬁned in time and depth with respect to the
initial conﬁguration. In Fig. 3.17, the new surface line is deﬁned at 9.9 Ma, resulting
in two valleys that are 4 km wide and 4 km deep. For the steady-state models,
the ﬁrst incision event occurs after 100 ka of the start of the model; in the non
steady-state models the time of the incision event is varied.
To simulate denudation (i.e. the lowering of a relief with respect to a sample) or to
create a changing topography with time, the Earth surface is once more redeﬁned in
time and depth. In Fig. 3.17c, the new surface is set at 3 km below the initial surface
depicted in Fig. 3.17a and set to arrive there at 6.9 Ma. This model conﬁguration
translates in a denudation event that lasts 3 my and occurs at a constant rate of
1 km/My. To asses the inﬂuence of isotherm perturbation, ((Zv-Zr)/H, see section
3.5.2, Braun, 2002) is calculated for every model with respect to the 60◦C isotherm
(Fig. 3.17c). In this example α= 0.2.
3.5.4 He age calculation
In principle, the time-temperature (t-T) path experienced during the model exercise
can be extracted for any point in the model. In Fig. 3.17 several points are depicted
which mimic the shape of the topography created and are, following the denudation
event, exposed along the valley side and ﬂoor. The t-T paths recorded by these
points are thereby directly comparable to those measured from actual sample rocks.
The model run is stopped one hundred thousand year following the surface exposure
of these points. Points are chosen far enough from the model edges to make sure
that (lateral) boundary conditions of the model can be neglected. Note that the t-T
points are not used to derive a value for.
In order to obtain a He age from the modelled t-T path in each of the points, the t-
T path is subsequently imported in DECOMP (Bikker et al., 2003, see section 3.1.6).
For DECOMP calculations, a diﬀusivity (D0) of 50 cm2/s and activation energy (Ea)
of 33.5 kcal/mol are used (Farley, 2000). In all models, He ages are calculated for a
60 µm apatite grain radius homogenous U and Th distribution. Although DECOMP
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takes into account the interwoven eﬀect of α-recoil and diffusion, it produces a He age
that is comparable to the recoil-uncorrected He age as would be directly measured
on a rock sample. For comparison with literature data, where α-corrected He ages
are commonly reported, the He ages obtained from DECOMP are corrected for this
following Farley et al, 1996 (an Ft value of 0.75 is adopted assuming a spherical
geometry). It is noted that the “Farley” correction can only be applied when a rock
sample passes rapidly through the HePRZ (Meesters and Dunai, 2002a, b); however
for the scenarios modelled here, this criterion is roughly met.
Following age calculation, the ages derived for the modelled points are plotted
against their elevation. For all of the models discussed below, the apparent denuda-
tion rate obtained from the age-elevation relation is calculated based on the elevation
and age diﬀerence between the highest and lowest elevation points.
3.5.5 Modelling results
Thermal structure underneath a mountain
As a ﬁrst test, the thermal state underneath a mountain has been modelled, where
it is investigated how isotherms relax following incision. Two model runs were con-
ducted with two adjacent valleys. The dimensions vary and yield a 2x2 km valley
and a 4x4 km valley geometry (Fig. 3.18). The model is started at t=10 Ma and
incision occurs at 9.8 Ma. The total model runtime is 10 My. The t-T path is
recorded for two points expressing the maximum elevation diﬀerence: one located at
the valley top where the thermal perturbation is expected to be minimal (T in Fig.
3.18a) and one directly below the valley ridge, corresponding to the same elevation
as valley bottom (B in Fig. 3.18a). In this latter point, the thermal perturbation is
expected to be maximal.
The t-T curves are presented in Figure 3.18b. For both modelled topographies
thermal relaxation following incision proceeds rapidly. In the case of the 2x2 km
topography, the isotherms adjust almost instantaneously to the new thermal state:
during incision, a rapid decrease in temperature is seen following which the isotherms
creep slowly towards their new position. For the 4x4 km valley a similarly rapid
adjustment is apparent, but the time to reach a new equilibrium is slightly longer,
however it still occurs within 0.5 My following incision.
Varying amounts of denudation
To investigate the inﬂuence of denudation on the slope of the AER, three sets of ex-
periments were performed with different topographic wavelengths and amplitudes.
Valley geometries of 4x4 km, 4x2 km and 2x2 km were chosen (Figs. 3.19, 3.20 and
3.21). In all experiments the denudation rate is constant at 1 km/My. For each
scenario the amount of denudation is varied between 3 km and 5 km. The different
amounts of denudation represent roughly two different geological scenarios: in the 5
km denudation case, the t-T points at t=10 Ma (start of model) are located below
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Figure 3.18: Thermal structure under-
neath a mountain for two different to-
pographies. One has valleys that are 4 km
wide and deep, a second one is 2 km wide
and 2 km deep. A. Model set up. In the
ﬁgure only the setup (with thermal image
at t=9.5Ma) for the 4x4 km valley is given.
t-T path is recorded in two points: T = top
of mountain and B = base of valley. B. t-T
path recorded by points T and B for the
different topographies.
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the apatite He closure temperature (∼60-70◦C, Wolf et al., 1998). Following the cre-
ation of the topography for this speciﬁc event (and which is not recorded by the t-T
points as they are located below the zone of incision), the model experiences 5 km of
denudation. This scenario is typical of an area of topographic relief that experiences
long term denudation. In the 3 km denudation case the imposed topography expe-
riences 3 km of denudation during the model run. The t-T points are located less
deep in the model, they are thought to (partially) record the incision process. This is
reminiscent of a young landscape which has recently been incised and is developing.
In all models, the topography held constant throughout the model run. For each
model the perturbation of isotherms underneath the central topography (reﬂected
by α) is calculated.
In the 4x4 km model (Fig. 3.19a) perturbation of the isotherms underneath the
valleys is only signiﬁcant at low temperatures (20-30◦C) when compared to the
mountain in between. The perturbation for T> 60◦C is negligible (α<0.05, Fig.
3.19b). Signiﬁcant perturbation of the isotherms occurs when compared to the
“stable” surface (i.e., where no incision takes place; here α reaches values up to
0.5). From the t-T curves calculated for the ridge (R) and valley (V) points (Fig.
3.19c), it is observed that in the 3 km denudation scenario, the samples in the upper
part of the topography (R) document the time of incision (and subsequent duration
of denudation) as they experience rapid, almost instantaneous cooling. The valley
point is located too deep to record the process of incision and shows monotonous
cooling. In the 5 km denudation case, both samples are buried too deep to record the
process of valley incision and the valley and ridge points show roughly monotonous
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Figure 3.19: Model results for a 4 km wide by 4 km deep topography (4x4 km). Two
scenarios are imposed, one in which the model experiences 3 km of denudation and one
in which the model experienced 5 km of denudation. Imposed denudation rate is always
1 km/My. A. Model set up, with valley geometry. Image reﬂects the thermal state at t
= 9.5 Ma, i.e. 0.5 My after start of model and 0.3 My after the incision event. Isotherms
have a 10◦C contour interval, with the 10◦C isotherm marking the surface. B. Deﬂection
of isotherms as a function of topographic amplitude (α). Note that α does not reﬂect the
isothermal perturbation for the t-T points discussed in A, but the perturbation underneath
the topography (see Fig. 3.17 on how α is calculated). C. t-T path recorded for two points:
R=point located at top of the mountain at the end of the model run, V=point located at
the base of the valley ﬂoor at the end of the model run. D. He ages calculated for synthetic
samples along the valley topography using DECOMP. Denudation rate is calculated based
on the He ages of the highest and lowest elevation points.
cooling (Fig. 3.19c). He ages for the 3 km denudation scenario show a non-linear
relation with elevation; calculated denudation rate based highest and lowest elevation
point is 2.5 km/My (Fig. 3.19d). For the 5 km denudation scenario, He ages yield
a denudation rate of 1.2 km/My. However, for both scenarios, the He ages clearly
yield different age-elevation relationships.
In the case of the 4x2 km valley (Fig. 3.20a), isotherms bend stronger into the
ridge than in the previous example. This is reﬂected in higher α-values (Fig. 3.20b)
and is likely the result from the more open geometry that allows the isotherms to
follow the topography. The t-T curves recorded by points V and R (Fig. 3.20c) show
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Figure 3.20: Model results for a 4 km wide by 2 km deep topography. A. B. C. and D. as
in Fig. 3.19
that for both imposed denudation scenarios, the points record a roughly monotonous
cooling event. This is reﬂected in the He ages of the different scenarios, as they show
a linear relationship with elevation. The 3 km denudation scenario, however, yields
a slightly steeper slope than the 5 km denudation case (Fig. 3.20d). Calculated
denudation rates are 1.7 km/My and 1.0 km/My for the 3 and 5 km denudation cases
respectively. The overestimation between the imposed compared to the calculated
rate occurs only for the 3 km denudation scenario.
In the 2x2 km valley geometry (Fig. 3.21a), perturbation of shallow isotherms is
negligible as α does not exceed 0.2 (Fig. 3.21b). Note that in this model exercise
three valleys are created. The portion of higher temperature isotherms, underneath
a valley is deeper than underneath a ridge as indicated by the negative α-values (Fig.
3.21b). This results from the fact that the imposed topography is relatively small so
that it can be approximated by a large (6 km) wavelength valley, rather than several
smaller 2 km valleys. The thermal evolution of both the valley and ridge points are
comparable to that of the 4x2 km scenario (Fig. 3.21c). The resulting AER for the
3 km denudation scenario is slightly steeper than for the 5 km scenario (Fig. 3.21d).
Based on the AER, calculated denudation rates yield 1.7 km/My and 0.9 km/My
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Figure 3.21: Model results for a 2 km wide by 2 km deep topography. A. B. C. and D.
as in Fig.Fig. 3.19. Note that for the 3 km denudation model only three points deﬁne the
age-elevation relation.
respectively. It is possible that 0.9 km/My rate results from the “negative” pertur-
bation of the isotherms related to the small wavelength topography.
Varying denudation rates
In the above scenarios, denudation has been kept constant at 1 km/My. To assess
the inﬂuence of different denudation rates on the slope of the AER, several exper-
iments were performed with denudation rates being varied between 0.5 km/My to
3 km/My. As it was observed in the earlier models, the eﬀects will be largest for
larger topographies. The following models, therefore, are performed with a 4x4 km
topography. Two denudation scenarios of 5 and 3 km are imposed.
Results of the modelling exercise are given in Fig. 3.22. Overestimation of the
rates occurs throughout the experiments, although it is more signiﬁcant for the
3 km denudation than for the 5 km scenario. For the 3 km denudation scenario, the
imposed denudation rates are overestimated by a factor two for imposed denudation
rates of, for example, 3 km/My. This likely results from the fact that in these cases,
the t-T points in the model record the time of incision rather than slow cooling
as a consequence of gradual removal of the overburden. In the 5 km denudation
scenario, overestimation of calculated denudation rates are negligible for relative low
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Figure 3.22: Comparison of imposed and calculated denudation rates for a 4x4 km topogra-
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points. Denudation rates are signiﬁcantly overestimated for the 3 km denudation scenario,
while for the 5 km denudation scenario, the over estimation of rates is negligible.
denudation rates (< 1km/My), but can be up to 15% towards the higher denudation
rates.
Similar experiments for 2x2 and 4x2 geometry topographies showed that overes-
timation is negligible in the case of the 5 km denudation scenario. Over estimation
of denudation rates in the 3 km denudation scenarios, however, persists but is less
than for the 4x4 km geometry topography discussed above.
Time-dependent topography
In the previous experiments it has been shown that denudation rates obtained from
samples collected along vertical transects may, for steady state topographies, be over-
estimated depending on topographic amplitude, wavelengths and the experienced
denudation scenario. However, in reality morphological steady state situations are
diﬃcult to obtain, as processes driving landscape evolution are not constant in time.
Braun (2002) demonstrated that recent relief changes have signiﬁcant inﬂuence on
the slope of an AER. Depending on the timing and rate of relief change (for topo-
graphic wavelengths >50 km), slopes of an AER are overestimated and even may be
inverted (Braun, 2002).
The eﬀect of relief changes and its signiﬁcance for (paleo)-topography dating are
here investigated further. Several experiments were conducted investigating how
He ages change with changing relief. In Fig. 3.23 four different scenarios yielding
different topographic evolutions are presented. Model A represents a scenario in
which a 4x4 km valley topography is incised in 2 My. In model B, a 4x4 km to-
pography is created 0.2 My after the start of the model. Topography is held ﬁxed
for 3 My, following which it experiences denudation at a rate of 1 km/My. Model
C represents a scenario in which the model experiences 3 km of denudation for a
period of 3 My. Topography (a 4x4 km valley) is incised simultaneously. In model
D, the initial 4x4 km valley topography is created 0.2 My after the model run and
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experiences denudation for 3 My, at a rate of 1 km/My. Following this, the relief is
lowered in 1 My from a 4x4 km valley topography to a 4x2 km valley topography.
In model A (Fig. 3.23), a near vertical He age-elevation reletionship is observed
for the uppermost 2 km of the modelled topography. The calculated He ages (∼2
My) along these higher elevations approximate the time of incision imposed on the
model. In model B, the He ages show a positive correlation with elevation. The
highest elevation sample records the time of incision; for lower elevation samples
however, the relation between the calculated He ages and timing and rates of relief
development is not evident. The denudation rate, calculated based on the He age
of the highest and lowest elevation points, is 1.8 km/My. The age elevation of
model C also displays a positive correlation with elevation, however the calculated
He ages along the whole proﬁle do not record the incision event, not the timing
of relief change. The calculated denudation rate from this age-elevation relation is
2.1 km/My, which is slightly steeper than for model B. The steeper slope of model
C reﬂects the recent relief changes and its eﬀects on perturbation of the isotherms
(Braun, 2002).
He ages for model D show an age-elevation relation reﬂecting an exhumed HePRZ
with an associated break in slope. He ages in the upper three kilometres of the to-
pography are relatively old, with the highest elevation sample reﬂecting the time of
incision; He ages reﬂect both the time before and after the onset of erosive denuda-
tion, i.e. they are from the pre-existing or paleo-HePRZ. The lower one kilometre
(or below the break in slope) contains He ages that accumulated only after denuda-
tion was initiated. For ﬁssion track dating this concept, however here referred to
as a partial annealing zone, has been documented widely (e.g., Brown et al., 1994;
Fitzgerald et al., 1995; Gallagher et al., 1998). Recent studies by for example Stockli
et al. (2000) showed that also for the U-Th)/He system an exhumed partial anneal-
ing zone was observed, demonstrating that the above modelled scenarios are indeed
observed in nature.
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3.5.6 Discussion and conclusions
In the previous sections, numerical modelling has been applied to assess the inﬂuence
changing landscapes have on calculated He ages and the information these ages
contain when they are plotted against sampling elevation. In section 3.5.4, it has
been demonstrated that in certain denudation scenarios, He ages are sensitive enough
to discriminate between different imposed denudation scenarios. An AER will yield
a steeper curve for a young (and developing) landscape compared to long term
denudation of topography. Given the generally reported 2σ He age errors (e.g.,
Ehlers and Farley, 2003 and discussion therein), the models discussed in this section
show that He ages are sensitive in detecting diﬀerences between the two denudation
scenarios. If suﬃcient resolution is obtained during sampling, these diﬀerences could
be detected. These scenarios could apply to an area where, for example, glaciers have
signiﬁcantly eroded the landscape. If glacial incision is suﬃciently deep, the onset of
glacial incision is likely to be detected in the higher parts along the glacial valley. In
an area not aﬀected by the glacial activity, the longer-term denudation events could
be studied.
For denudation rates derived from an AER, it has been shown that calculated
rates are signiﬁcantly overestimated (when compared to the imposed (or modelled)
denudation rate) in the case the topography formed only recently. This likely occurs
because the samples from the higher elevations record the time of incision rather than
long-term denudation event. For topographies experiencing long-term denudation,
where the samples are buried deeper than the closure temperature, the overestima-
tion is less, but still up to ∼15% for fast (> 2km/My) denudation rates. However,
the degree to which these rates are overestimated are likely to be within the er-
ror usually associated with the calculation of denudation rates from an AER. The
overestimation decreases with smaller topographic wavelength and amplitude. For
small topographic wavelengths and amplitudes, the eﬀect of lateral cooling through
ridges is important and does not allow isotherms to penetrate deep into the ridges
(Mancktelow and Grasemann, 1997). Braun (2002) noted similar observations with
respect to the overestimation of denudation rates, however his study concentrated
on long wavelength amplitudes (> 50 km). Here, it has been demonstrated that this
process also occurs for short (< 4km) wavelengths.
From the time dependent topographic models, it has been shown that subtle
relief changes can be detected by the apatite He system. Depending on the timing
and rate of relief formation, apatite He ages develop different age-elevation relations.
This would suggest that signiﬁcant information on how a landscape evolves is stored
in the age-elevation relation.
The results presented in this thermal model study depend on used model param-
eters, like for example the initial geothermal gradient. In this study, a geothermal
gradient of 25◦C/km is assumed. For a higher geothermal gradient the described
eﬀects will increase because the absolute distance between the surface and the rel-
evant isotherms decreases; eﬀects of changing topographies will likely be recorded
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by smaller amplitude topographies. For lower geothermal gradients, the overesti-
mation, especially for the long-term scenarios, may be negligible. Another factor of
importance is that the experiments have been discussed for a 2D geometry. In the
“real” 3D world, isotherms will be dampened more strongly than in the 2D situation
(Ehlers and Farley, 2003), thus decreasing eﬀects of overestimated denudation rates.
Furthermore, in the models the eﬀect of variations in the atmospheric gradient
have not been incorporated. For large amplitude and wavelength topography, where
the isotherms are following the topography in a close-spaced manner, atmospheric
gradient variations do eﬀect thermal calculations. Assuming an atmospheric gradient
of 5◦C/km, this would result in variations of 20◦C in surface temperature in the case
for a 4x4 km topography. For small amplitude topography discussed here, the eﬀects
of atmospheric gradient variations are negligible as the isotherms relevant for (U-
Th)/He dating do not warp deep into the topography but reside at a depth were the
temperature variations over a, for example, 2 km high mountain (i.e. 10◦C variation)
do not interfere with the model calculations.
In these models certain scenarios are imposed on a model and it is investigated
how He ages change with changing landscape. In practice, however, an inversion
of the “problem” is normal, namely how to derive a landscape evolution model
from measured age-elevation relationships. The often non-unique solutions of ther-
mochronological data, however (i.e., different time-temperature histories lead to the
same solution), make it diﬃcult to discriminate between different scenarios. Inde-
pendent geological data combined with inverse models are likely needed to reveal
this; however at present, models are not readily available.
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Late Miocene to recent exhumation in the
western Ligurian Alps: accelerated
Messinian denudation and its signiﬁcance
for the tectono morphological evolution
near Ventimiglia (NW Italy)
4.1 Introduction
4.1.1 The Ventimiglia transect
The present day relief of the Ligurian Alps near Ventimiglia (NW Italy) is charac-
terised by steep and well-incised valleys. Mountains bordering the sea have eleva-
tions up to 600-700 m, while a few kilometres inland they reach little over 1500 m.
This well-incised and elevated topography suggests that the coastal morphology in
the area formed only recently. This hypothesis is strengthened by the presence of
Pliocene marine sedimentary rocks, presently exposed at elevations up to 500 m. The
elevation of the Pliocene sediments indicates that following their deposition, vertical
movements have occurred. In order to reconstruct the landscape evolution in the
Ventimiglia hinterland, apatite (U-Th)/He and ﬁssion track dating have been carried
out on samples from vertical and horizontal proﬁles in the Ventimiglia hinterland.
An important constraint on the absolute position of these rocks in time and depth
is given by the Pliocene sedimentary rocks. In certain localities the basal contact
between the Pliocene sedimentary rocks and its underlying substratum (sampled for
This chapter is in part based on the paper: Foeken, J.P.T., Dunai, T.J., Bertotti, G. and
Andriessen, P.A.M., Late Miocene to present exhumation in the Ligurian Alps (southwest Alps)
with evidence for accelerated denudation during the Messinian salinity crisis: Geology, vol. 30 (9),
p. 797-800
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(U-Th)/He and ﬁssion track analysis), is exposed. This allows the vertical movement
of the area to be reconstructed in detail.
Most of the work carried out in the last decades in the area has been focussed
on the sedimentology and stratigraphy of the Pliocene marine deposits (Boni et al.,
1985; Breda, 2002; Gnaccolini, 1998; Marini, 2001). Less attention has been devoted
to the analysis of the shape and origin of the basin hosting the Pliocene sediments.
Both a tectonic (an extensional graben, Boni et al. (1985) and Marini (1984)) and
erosional (a Messinian valley, Clauzon et al. (1996) and Breda (2002)) origin have
been proposed. As post-Pliocene erosion has profoundly incised the uplifting region,
the 3-D geometry of the basin can be described in great detail using outcrops and
the map view trace of the contact. Reconstructing the shape of the basin reveals
important information on the morphology of the region during the Pliocene.
In this chapter, the results of the (U-Th)/He and FT dating are presented (section
4.2), followed by a description of the morphology of the basin combined with a
reconstruction of the paleo-landscape during the Early Pliocene (section 4.3). In
the last section (4.4), all information is integrated in a model explaining the Late
Miocene to Recent tectono-morphological tectonic evolution of the Ventimiglia area.
4.1.2 Present day geological setting of the Ventimiglia area
The Ventimiglia region is characterised by Pliocene marine sedimentary rocks that
crop out near sea and an elevated hinterland composed of Eocene to Cretaceous ﬂysch
deposits (Dauphinois-Provenc¸al and the San Remo unit of the Helminthoid Flysch
zones) immediate to the north (Fig. 4.1). The Helminthoid San Remo unit is com-
posed of calcareous turbidites and shales (Di Gulio and Galbiati, 1985; Lanteaume,
1968)organised and is organised in several large open anti- and synclines which
formed during nappe emplacement (Merizzi and Seno, 1991 and references therein).
Illite crystallinity studies (Bonazzi, 1987) show that the San Remo ﬂysch deposits
display a rather heterogeneous metamorphic imprint. Epizone to anchizone condi-
tions were experienced by the stratigraphically lower units, while the higher units
are generally unmetamorphosed (Bonazzi, 1987). Along its western margin, the San
Remo unit structurally overlies the Eocene ﬂysch series of the Dauphinois-Provenc¸al
zone; the Frontal Penninic thrust separates these structural units.
The Ventimiglia Pliocene sediments sit on the the Eocene (Dauphinois-Provenc¸al)
ﬂysch substratum and stretch out ∼7 km N-S and ∼10 km W-E direction (Fig. 4.1).
The sequence is approximately 500 m thick and is characterised by repetition of
coarse-grained conglomerates and marine shales (Boni et al., 1985; Marini, 2001),
named Upper and Lower conglomerates and Upper and Lower shales respectively
(Breda, 2002). Biostratigraphical dating of the shale intervals indicate an early to
middle Pliocene age (Boni et al., 1985; Breda, 2002). The internal architecture of
the Pliocene inﬁll (Fig. 4.2), recently reconstructed by Breda (2002), is characterised
by a stack of Gilbert-type deltaic sequences with foresets up to ∼20 (the Lower and
Upper conglomerates, Breda, 2002) separated by shaly intervals (Lower and Upper
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VENTIMIGLIA
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569 m
515 m
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1299 m
N
Eocene flysch
Cretaceous Helminthoid Flysch
Mesozoic units of the Dauphinois-
Provençal zone
Pliocene conglomerates and shales
Alpine thrust
Alpine folds
Minor fault
Sampled profiles
CP
MCP
5km
300 m
horizontal
Mt Ceppo
vertical
1000 m
horizontal
Mt Nero 
vertical
Figure 4.1: Geological map of the Ventimiglia area. Sample locations and sampled sections
are indicated; white circles = Mt. Ceppo proﬁle, white stars = Mt. Nero proﬁle, black
diamonds = 1000 m horizontal proﬁle, black triangles = 300 m horizontal proﬁle. Coastal
point (CP) and Mt. Ceppo point (MCP) are reference points to trace vertical movements
(see section 4.2.4).
shales, Breda, 2002). The deltaic sequences that make up the Pliocene succession
are controlled by three transgressive-regressive cycles, in which the Lower and Upper
shales mark the transgressive stages (Breda, 2002). The Lower shales dip ∼5-10◦S
to SE, which is probably the result of post-depositional tilting during uplift to their
present location (Lorenz, 1984).
4.2 Exhumation of the Ventimiglia segment of the
Ligurian Alps
Two series of (U-Th)/He measurements were performed for the Ventimiglia transect.
The ﬁrst series of samples were analysed in May-July 2000 (hereafter named series-
2000), using manually-folded Cu foil tubes for He extraction (see chapter 3). All
samples were single measurements, except V-99-18 and V-99-36 which were measured
in duplicate. Diﬃculties retrieving apatite grains from the Cu-tubes (see chapter 3)
resulted in rejection of a large part of the data set as obtained results could not be
validated with duplicate measurements. All samples were re-measured at least in
duplicate (hereafter named series-2001). In addition, three of the series-2001 samples
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were analysed for apatite ﬁssion track dating.
Several important lessons were learned from the series-2000 measurements and
they are brieﬂy discussed in this chapter. Also, the sampling strategy for the Taggia
(chapter 5) and Albenga (chapter 6) series was established based on the preliminary
conclusions derived from the series-2000 data. In the discussion of the exhumation
of the Ventimiglia segment, only the series-2001 measurements are used.
4.2.1 Sampling Strategy and Sampled Rocks
(U-Th)/He results of series-2000
Apatite grains were separated from 24 samples collected along one vertical and
two horizontal proﬁles roughly perpendicular to the Ligurian coast: the Mt. Ceppo
proﬁle, the 1000 m and 300 m horizontal proﬁles respectively (Fig. 4.1 and Table
4.1). The proﬁles cover, in a short distance, the largest elevation diﬀerences in the
coastal region of this part of the Ligurian Alps. The Mt. Ceppo proﬁle stretches
from the highest elevation point in the area (Mt. Ceppo, 1566 m) down to sea level
over a distance of 17 km. The 300 m and 1000 m proﬁles were sampled parallel to
the Mt. Ceppo proﬁle. The southern termination of the proﬁles lie between Pliocene
sedimentary rocks that form the inﬁll of the Ventimiglia and Taggia Messinian valleys
(see section 4.3 and chapter 5). All samples were Cretaceous Helminthoid Flysch
deposits (The San Remo unit), except for V-99-5, 6, 31, 33 and 34 that are sampled
over the Frontal Penninic Thrust in Eocene ﬂysch deposits (Provenc¸al-Dauphinoise
Zone). Care was taken not to sample near major mapped faults, except for the
one just mentioned. However, there remains the possibility that minor faults are
undetected, although post Miocene fault displacement is considered to be minor (Di
Gulio, 1987, Di Gulio, pers. communication 2002). Apatite grains were separated
from ﬁne-grained arenites. Consequently apatites are generally small (70-90 µm in
diameter). Between 4 to 20 grains were selected for each sample (Table 4.1).
For the series-2000 measurements, in total 26 analyses were made (table 4.1). In
ﬁfteen samples all grains were retrieved when opening the Cu-tubes after He extrac-
tion. For the other samples, it was not certain that all apatite grains were retrieved;
they were therefore considered unreliable and subsequently omitted. He ages were
corrected for α-ejection following Farley et al. (1996). No Durango standards were
measured simultaneously with the samples to check the reproducibility of standard.
A 10% error (2σ) is assumed based on repeated Durango measurements prior to the
samples.
He ages for the series-2000 measurements are between 129 and 7 Ma. In this
interval, the He age of sample V-99-07 (3.36 Ga) is discarded. The 4He concentration
for this sample is about three orders of magnitude larger compared to the other
analysed samples (while the Th/U ratio is comparable to the other samples), which
suggest that in this samples overlooked ﬂuid inclusions were present. In Figure 4.3 He
ages are plotted against sample elevation. No clear trend, however, is apparent. Two
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Figure 4.3: He ages for the series-2000 measurements (see text for discussion). Single
measurement samples show signiﬁcant variation in He age. For reasons discussed in the
text, the He ages obtained for this series of measurements were omitted and all samples
were re-measured in duplicate/triplicate (section 4.2.2).
alternative interpretations are possible, both reﬂecting different geological scenarios.
One interpretation is that the spread in the data is real and results from variable,
incomplete resetting of He ages for some samples. In this case, two trends of rapidly
decreasing He ages over fairly short elevation are seen (dashed lines marked A and
B in Fig. 4.3). In trend A, He ages decrease from ∼130 to 8 Ma over 300 m, while
along trend B the He ages decrease from 50 to 9 Ma over 500 m. Modelling of the
(U-Th)/He system following Wolf et al. (1998), showed that for certain geological
scenarios, (e.g., history 5 in ﬁgure 3.7, chapter 3), such a rapid decrease in He over a
short elevation is predicted. The geological interpretation from the rapid decreasing
He ages is that the Ligurian Alps experienced a history of gradual heating (i.e.
burial), followed by a recent cooling event (i.e. exhumation). Burial would have to
be insuﬃcient to completely reset He ages, i.e. less than ∼60-70◦C. The repetition
of the two trends could be explained by displacement along an as yet undetected
fault.
An alternative interpretation of the data is that the spread in He ages is a function
of apatite crystals, inclusions, U and Th zonation, grain morphology, etc. The
Helminthoid ﬂysch deposits experienced at most epizone to anchizone (<∼170◦C)
metamorphic conditions (Bonazzi, 1987), suggesting that the He age of these samples
were reset. The older He ages, therefore, could result from excess He from undetected
ﬂuid or solid inclusions. As undetected inclusions will make He ages older rather than
younger (Ehlers and Farley, 2003; House et al., 1997), the older ages can be omitted.
However, no cut-oﬀ criterion determining which He age is the result of excess He can
be established independently. Assuming that only the young He ages are meaningful,
79
Chapter 4
a positive age-elevation trend can be derived from Figure 4.3 (black solid line). The
geological interpretation would be that the Ligurian Alps experienced signiﬁcant
exhumation in the last 10 Ma. The use of a higher temperature thermochronometer
should be applied to asses if this interpretation is justiﬁed.
Due to the lack of duplicate measurements, either of the interpretations is am-
biguous. In order to distinguish between the two scenarios and the fact that part of
the data set was rejected, made that the entire sample set was re-measured in (at
least) duplicate. In order to avoid uncontrolled comparison between this data set
and the new one, the above-discussed results therefore are disregarded.
4.2.2 (U-Th)/He results of series-2001 measurements
For some of the samples it was not possible to pick enough apatites for a second
series of measurements. For these samples new material was collected in the ﬁeld.
In order to assure enough suitable apatite grains, the amount of sample material
was increased to ∼5 kg vs. 2-3 kg in the original sampling. Besides the previous 24
samples of the Mt. Ceppo proﬁle and the 1000 m and 300 m horizontal proﬁles, 10
additional samples were taken. Three new samples were collected for the Mt. Ceppo
vertical proﬁle, while an additional vertical proﬁle, called Mt. Nero, was sampled
too. The Mt. Nero proﬁle is parallel to the southern part of the Mt. Ceppo proﬁle
and ranges from 800 m to sea level over a distance of 5 km. Table 4.2 lists the
(U-Th)/He results for the series-2001 measurements.
As in the series-2000, sampled rocks are ﬁne-grained arenites that yielded apatite
grains of 80-150 µm diameter. To avoid interferences resulting from different clo-
sure temperatures resulting from grain-to-grain variability in multiple grain samples
aliquots were picked so that the standard deviation of the average grain diameter
was <5%. Despite the careful handpicking, the sometimes-frosted appearance of
some of the detrital apatites made identiﬁcation of inclusion-free grains diﬃcult and
inclusions might have escaped detection. To control the possible eﬀect of inclusions
on the He ages, all samples were measured in duplicate or triplicate. Triplicate mea-
surements were made on those samples yielding enough high-quality apatite grains.
Sample V-99-01 (the highest elevation sample, Mt. Ceppo proﬁle) was measured in
quadruplicate, as that sample was thought, based on the series-2000 measurements
(trend A in Fig 4.3), to yield important constraints on the burial and cooling history.
To check on U and Th zonations (Meesters and Dunai, 2002b), apatites of 3 samples
were prepared for ﬁssion-track analysis (section 4.2.4).
The reproducibility of the standard was tested by analysing eight aliquots of
fragments of one Durango crystal (sieve fraction 160-180 µm, Table 4.2). Four splits
had weights of ∼500 µg, while the other four samples consisted of few fragments only
(ten, four and two single fragments respectively). The average He age of all eight
aliquots is 32.6 ± 2.4 Ma (2σ). Durango He ages for the single fragment samples
yielded ages of 33.6 and 32.5 Ma, respectively. Large variations in U (21 to 57 ppm)
and Th (475 to 1117 ppm) content occur (e.g., House et al., 2000). Both single
80
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fragment samples, however, yield He ages that are indistinguishable from the mean.
As discussed in chapter 3, the mean Durango age gives a safe approximation
on the analytical error of unknown prior to α-ejection ( 6%, 2σ). The uncertainty
of the α-correction (Ft-factor) has been assessed by repeated length and diameter
determinations of all samples and is usually in the order of 3-4%, occasionally up
to 5-6% (2σ). A cumulative analytical and α-correction uncertainty for each sample
He age is used and depicted in Figure 4.4 and 4.5.
(U-Th)/He data
Ages corrected for α-ejection (assuming a hexagonal geometry, after Farley (2002),
hereafter termed He ages) vary between 210.9 and 5.7 Ma (Table 4.2 and Fig. 4.4).
Along the Mt. Ceppo proﬁle they vary between 210.9 and 6.9 Ma, with the majority
falling in the 24 to 7 Ma range. Samples along the 1000 and 300 m horizontal proﬁles
have ages between 25.5 to 5.7 Ma, whereby generally younger ages are observed along
the 300 m proﬁle. He ages from the Mt. Nero proﬁle are slightly older (83.2-9.0 Ma)
compared to those of other proﬁles, with the majority falling between 50 and 22
Ma. Lower elevation samples of the Mt. Nero proﬁle yield slightly older He ages
compared to the other proﬁles.
From Table 4.2 and Figure 4.4, it can be seen that some of the duplicate and
triplicate measurements have large diﬀerences in He age. For example, sample V-99-
21 yields values of 8.5 and 210.9 Ma, while sample V-99-04 has ages of 11.6, 170.5
and 11.8 Ma. It is observed that He ages yield reproducible ages for duplicate and
triplicate measurements towards younger ages, while He age outliers are observed
towards the older He ages. It is therefore assumed that the diﬀerences in He age
between the duplicate/triplicate measurements probably arise from U and Th zona-
tion or ﬂuid- and solid inclusions (e.g., Ehlers and Farley, 2003; House et al., 1997;
Meesters and Dunai, 2002b), rather than the result of incomplete loss of He during
burial/metamorphism. Zonation can be excluded as analysis of three FT samples
showed a homogeneous U distribution and a similar behaviour for Th is inferred. As
duplicates or triplicates have similar grain-sizes, the spread in He ages cannot be the
result of grain-size variations (Farley, 2000) and therefore is most likely the result of
solid or ﬂuid inclusions that escaped detection due to the frosted appearance of the
detrital apatites. Because samples were measured in duplicate/triplicate, a cut-oﬀ
criterion can be deﬁned. As undetected inclusions increase He ages and not decrease
ages (Ehlers and Farley, 2003; House et al., 1997), the high-age outliers are omitted
from further discussion. Outliers are deﬁned as He age determinations of duplicates
and triplicates that do not overlap within two standard deviations with younger
ages of the same sample. He ages of samples from the Mt. Nero proﬁle generally
yielded poor reproducibility of duplicates or triplicates, and are therefore also omit-
ted from further discussion. For some of the He ages the Ft-factor is very low, which
would result in a large contribution of the α-correction error to the cumulative error.
Samples with a Ft < 0.4 therefore have also been omitted.
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Figure 4.4: Ages plotted along four analysed proﬁles. Samples are labelled in short form,
01 in stead of V-99-01. Boxes show α-corrected (U-Th)/He ages, circles show ﬁssion-track
(central) ages.
The remaining He ages vary between 14.3 and 5.7 Ma and are plotted in Figure
4.5 against elevation of sampling site. From the data, an error-weighted, linear best
ﬁt (having a 95% conﬁdence interval) was calculated. The He ages show a clear
positive age trend with elevation and demonstrate a late Miocene cooling phase.
The late Miocene cooling is interpreted being the result of cooling by exhumation
(see section 4.2.5). From the slope of the regression line, an exhumation rate of
0.4 ± 0.2 mm/yr is obtained for the transition of the rock column through the He
partial-retention zone (HePRZ). From the thermal modelling carried out in chapter
3 (section 3.5), it is concluded that the rate of 0.4 ± 0.2 mm/yr is not overestimated,
but reﬂects a “true” rate. Based on the apatite grain sizes and assuming a cooling
rate of 10◦C/Myr, a closure temperature of 65◦C (after Farley, 2002) is adopted.
Assuming an average surface temperature of 10◦C and a geothermal gradient of
25◦C/km (Bigot-Cormier et al., 2000; Hurtig et al., 1991), the data imply that a
rock column of >2.2 km was removed during the last 7 Ma.
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Figure 4.5: (U-Th)/He and FT
(central) ages plotted vs. sam-
pling elevation. Errors are
2σ and give for He ages the
cumulative analytical and Ft
error. Error-weighted linear
best ﬁt is calculated for He
data (dashed line is 95% con-
ﬁdence level). Modelled FT
ages are older than He ages as
would be expected when com-
paring (U-Th)/He and FT cool-
ing ages (see text for discus-
sion). Coastal point (CP) and
Mt. Ceppo point (MCP) are
reference points to trace ver-
tical movements (see text for
discussion).
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4.2.3 Apatite ﬁssion track analysis
To constrain the thermal history not covered by the (U-Th)/He system, apatite
ﬁssion track (AFT) analyses were performed on three samples: V-99-01 (1566 m),
V-99-05 (921 m) and V-99-31 (304 m) (Table 4.3). As these samples did not pass
the χ2 test, AFT ages are reported as central ages, which are 10.3 ± 2.2 Ma, 8.7 ±
1.4 Ma, and 7.7 ± 1.2 Ma (2σ). These ages show that, because they are younger
than the depositional age of the rocks from which they are derived, they must have
been totally reset following deposition. The reset AFT ages, therefore, are a further
indication that the discarded old He ages indeed result from excess He from solid or
ﬂuid inclusions.
The AFT ages show a positive trend age vs. elevation from which an exhumation
rate of 0.6 ± 0.3 mm/yr is derived (Fig. 4.5. This rate is indistinguishable from
that obtained from the (U-Th)/He data and suggests that perturbation of isotherms
during exhumation is negligible.
Conﬁned track lengths were measured in all three samples. Only for sample
V-99-05 could enough measurements be made to allow modelling of the thermal
history (Table 4.3) and Fig. 4.6). Sample V-99-05 did not pass the χ2 test, suggesting
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Table 4.3: Fission track results. ρs= density of spontaneous tracks; ρi= density of induced
tracks; ρd=density of tracks in the mica of the dosimeterglass. P(χ
2)=probability of greater
chi-squared; MTL=Mean Track Length. Central ages are given, calculated using Trackkey
(Dunkl, 2002). Fission Track error is 2σ.
Sample Elev. Nr.of ρsx104cm−2 ρix105cm−2 ρdx105cm−2 P(χ
2) MTLµm Age (Ma)
(m) grains (nr.of
tracks)
(nr.of
tracks)
(nr.of
tracks)
V-99-01 1566 28 16.72
(205)
55.54
(3406)
90.88 0.8 13.0 (6) 10.3 ± 2.2
V-99-05 921 25 19.52
(391)
68.50
(6859)
90.88 0.0 13.7 (57) 8.7 ± 1.4
V-99-31 304 31 14.59
(259)
57.48
(5103)
90.88 4.7 12.4 (19) 7.7 ± 1.2
that it has a multiple grain population. As the individual grain ages are younger than
the depositional age, the multiple grain component is probably related to variations
in apatite chemistry (i.e. F or Cl-rich apatites). Although recent thermal models
can incorporate apatite chemistry variation (e.g., Ketcham et al., 1999), no Dpar
measurements (see chapter 3, section 3.4.1) were conducted. Thermal modelling
was conducted using the Laslett et al. (1987) annealing model.
The model best ﬁt indicates that cooling began at about 10 Ma (as indicated
by the oldest track) and initially occurred at rates of 11 ± 2◦C/Myr.. At ca. 6 Ma,
cooling accelerated to 20 ± 3◦C/Myr. Assuming a geothermal gradient of 25◦C/km,
the cooling rates correspond to exhumation rates of 0.4 mm/yr and 0.8 mm/yr,
respectively. Modelling the AFT data produces an age for the oldest track (10.1 Ma,
marking when the sample passed the AFT closure temperature), which is older
than He age derived from the He age regression line (yielding 9.3 Ma), as would be
expected when comparing the two chronometers.
From Figure 4.5 it can be seen that the He and AFT data yield roughly similar
ages, which is in contrast with what one would expect given the two different nominal
closure temperatures and at the exhumation rates derived for both chronometric sys-
tems (roughly 5 Ma, given the rate of 0.4 mm/yr, a geothermal gradient of 25◦C/km
and a closure temperature diﬀerence of ∼50◦C). Several possibilities may account
for this apparent disagreement. He ages that are too old might result from an over
correction for α-ejection. Depending on the parent U and Th distribution and the
time an apatite grain spends at or near the closure temperature, the α-correction
(Farley, 2002; Farley et al., 1996) might result in an over correction (Meesters and
Dunai, 2002b). The positive age-elevation trend of samples (Fig. 4.5) demonstrates
a fast and monotonous transition through the HePRZ. This suggests that applying
the recoil correction is justiﬁed and He ages are not over-corrected. Although the
three samples that have been analysed for ﬁssion track dating showed that U is
distributed homogenously this assumption may not apply to all samples. Another
factor inﬂuencing He ages is the choice of the apatite geometry for α-ejection. For
the correction applied here, a hexagonal geometry was assumed. Correcting the He
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ages with a spherical geometry would have resulted in slightly younger ages. The
selected apatite grains, however, did not justify a spherical geometry correction.
An alternative scenario is that AFT ages are biassed towards younger ages due
to track annealing at very low temperatures. House et al. (1997) noted a disagree-
ment in modelled thermal histories between apatite He and AFT data, which they
attributed to insuﬃcient knowledge of AFT annealing characteristics at tempera-
tures below 60◦C. However, the timescales required to cause signiﬁcant annealing
at <60◦C, are much longer than the Neogene He and ﬁssion track ages recorded
by these samples (Crowley, 1985; Vrolijk et al., 1992). Another explanation is a
combination of the U content and the counting statistics of the individual grains.
For individual grains that have a low U content, only a few tracks will form. As
FT age determinations are based on the track density distribution, the probability
that tracks in a low U-content grain intersect with the polished surface is low. The
probability of observing them decreases, which can result in a bias towards younger
FT ages and an increase in the age uncertainty (e.g., Gallagher et al., 1998). A
similar bias could be obtained for samples that have only recently passed through
the PAZ and which subsequently have lower numbers of tracks.
Despite these factors, the ages produced by both chronometric systems are com-
plementary. The He data samples are reproduced in duplicate/triplicate, while for
the ﬁssion track analysis, much information on the samples age is stored in the
track length distribution. Nonetheless, in the light of the results, the intercalibra-
tion between apatite ﬁssion track and (U-Th)/He ages would beneﬁt from additional
research.
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4.2.4 Vertical movements in the western Ligurian Alps
To trace vertical movements in this segment of the Ligurian Alps, the thermochrono-
logic data is integrated with geologic constraints from the presence of Pliocene rocks
surrounding the Ventimiglia area in order to reconstruct the depth vs. time path
of two representative points (Fig. 4.7). These points are not real samples, but are
indicative for rocks at this elevation and lie on the age vs. elevation regression line
of Figure 4.5. The ﬁrst point, termed the Mt. Ceppo Point (MCP), is representative
of rock at the highest present day elevation in the study area (1566 m). The He
age of this point on the regression line yields 11.0 ± 0.5 Ma (Fig. 4.5). The second
point, termed the Coastal Point (CP), is representative of rock currently exposed
at sea level and has a He age of 7.1 ± 0.5 Ma (Fig. 4.5). Point CP corresponds to
the southern termination of the sampled proﬁles, but more importantly, lies between
two major Messinian valleys in the region: the Ventimiglia and the Taggia valleys
(see section 4.3 chapter 5). The elevation of CP is laterally equivalent to the base
of Pliocene marine sedimentary rocks. The very similar present day elevation of
these basal sediments indicates that relative vertical movements between them were
minimal since the early Pliocene. Therefore it is assumed that point CP, located
between these Messinian valleys followed their absolute vertical movements.
The vertical position of MCP and CP through time is shown in Figure 4.7. FT
data indicate that both representative rocks were buried deeper than the AFT partial
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annealing zone (<4.6 km) prior to 11 Ma but not deep enough (>6.5 km) to reset
zircon FT ages (254-60 Ma, Vance, 1999). At 11.0 ± 0.5 Ma point MCP cooled
below the HePRZ. A depth of the He-closure isotherm of 2.2 km is assumed (see
forgoing discussion). CP was located 1.5 km deeper than MCP (point A in Fig. 4.7).
At 7.1 ± 0.5 Ma, rocks represented by point CP passed through the HePRZ (point
B in Fig. 4.7). The age elevation relation in Figure 4.5 shows that this occurred at
a rate of 0.4 ± 0.2 mm/yr. MCP is assumed to have followed the same trajectory.
The next position of CP is determined by the position of the laterally equivalent
Pliocene hemipelagic shales (point C in Fig. 4.7). The early Pliocene position of CP
is 0.4 ± 0.1 km below present-day sea level, according to the paleobathymetry of the
shales (Boni et al., 1985) and a Pliocene sea level ∼100 m higher than present (Haq
et al., 1987). From the positions of CP at 7.1 ± 0.5 Ma and at 5.3 Ma, an increased
exhumation rate of 1.0 ± 0.2 mm/yr for this time interval is inferred. Between
the early Pliocene and the present day, CP reached its present position (point D in
Fig. 4.7). The rate for this time interval is estimated at 0.1 mm/yr.
To test the vertical movements and their rates discussed above, the time vs.
temperature path of point CP is modelled in DECOMP (Fig. 4.8a, Bikker et al.,
2003; Meesters and Dunai, 2002a, b). A 40 µm grain size radius and a homogenous
parent distribution is assumed for age calculation and a diﬀusivity (D0) of 50 cm2/s
and activation energy (Ea) of 33.5 kcal/mol are used (Farley, 2000). The predicted
He age by DECOMP is 4.1 Myr (Fig. 4.8b). When corrected for α-ejection following
Farley et al. (1996) an age 6.8 Myr is obtained. This is in agreement with the age
of CP derived from the regression line of the age-elevation relation of Figure 4.5 (7.1
± 0.5 My) and strengthens the arguments presented for the vertical movements.
4.2.5 Long term exhumation and the signiﬁcance of the Mes-
sinian base level fall
Long term exhumation of the Ventimiglia region
Prior to 11 Ma, the presently exposed rocks were buried deep enough to reset their
apatite He and ﬁssion track ages. They underwent no major vertical movements
despite ongoing convergence. Subsequently, following the end of major (Alpine)
orogeny, the Ligurian ﬂysch units were subject to >4 km of exhumation since the
late Miocene which is still ongoing (see section 4.3).
The timing and rate of exhumation derived from the He and AFT data for this
segment of the Ligurian Alps ﬁt in a pattern of cooling ages observed throughout the
western Alpine chain. In the southern Western Alps, apatite and zircon FT studies
have demonstrated that the Alpine external crystalline massifs, such as the Pelvoux,
the Mt Blanc and the Argentera Massifs have been exhumed in the last 10 Ma (e.g.,
Bigot-Cormier et al., 2000; Bogdanoﬀ et al., 2000; Seward and Mancktelow, 1994;
Tricart et al., 2001). Exhumation of these massifs is attributed to a reactivation of
the Frontal Penninic Thrust (FPT, Bogdanoﬀ et al., 2000; Seward and Mancktelow,
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1994; Tricart et al., 2001). As few samples were collected over the FPT in the
Ligurian Alps, some statements on the activation of this fault can be made. In the
(U-Th)/He data discussed above, no age diﬀerence is present in samples on either
side of the FPT, suggesting that this structure is not active in the Ligurian Alps.
This discards the FPT as a possible structure accommodating exhumation in the
Ligurian Alps and suggests that an alternative mechanism for exhumation is needed.
In the Ligurian Alps, the long-term exhumation demonstrated by the apatite
(U-Th)/He and AFT data is related to displacement along a north-dipping thrust
(NT in Fig. 2.5, Bigot-Cormier, 2002). This structure accommodated part of the
exhumation of the Argentera Massif and deformation of areas to the south. To the
west of the region, the thrust accommodated shortening in the Nice Castellane arc.
Toward the east, the thrust surface is thought to emerge oﬀshore in the slope of the
Ligurian margin (Bigot-Cormier, 2002). The interpretation of vertical movements
along this structure in the Ligurian Alps is compatible with GPS observations (Calais
et al., 2002) and earthquake focal mechanisms (e.g., Bethoux, 1992; Bethoux et al.,
1992; Eva et al., 2001), which show a NW-SE directed compressive regime. Assuming
a dip of the thrust sheet of ∼25◦, the horizontal displacement is ∼10 km, which
roughly comparable with horizontal displacement observed in the Nice Castellane
arc (∼17 km, Laurent et al., 2000).
Vertical displacement along the thrust plane alone cannot explain the observed
exhumation in this segment of the Ligurian Alps. A dip of the thrust of ∼25◦, would
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imply that the base of the thrust sheet is located roughly at 15-20 km depth below
the present day position of Mt. Ceppo. This is likely an overestimation as the base of
the thrust sheet is thought to reside at 5-10 km depth (Bigot-Cormier, 2002; Calais
et al., 2000). The decrease in thrust angle denoted by these authors makes it diﬃcult
to accommodate the observed exhumation of for example point MCP, as this point
would move on a (sub) horizontal thrust sheet. The necessary additional vertical
displacement, however, remains yet unexplained.
The data discussed in section 4.2.3 are qualitatively in agreement with the inter-
pretations by Bigot-Cormier (2002) and Chaumillon et al. (1994), with the signiﬁ-
cant diﬀerence that vertical movements started much earlier than in the Pliocene as
discussed by these authors.
Messinian base level fall and its signiﬁcance on accelerated denudation
From the (U-Th)/He data, it is concluded that exhumation rates were 0.4 ± 0.2
mm/yr prior to 7 Ma and were 0.1 mm/yr between 5 Ma and present. A signif-
icantly higher rate of 1.0 ± 0.2 mm/yr is obtained for the period between 7 and
5 Ma (Fig. 4.7). During this time interval the Messinian salinity crisis (MSC) oc-
curred (5.96 Ma, Krijgsman et al., 1999). During the MSC, the base level of the
Mediterranean Sea dropped dramatically, locally as much as 3 km. The exhuma-
tion rate of 1.0 ± 0.2 mm/yr calculated for the 7-5 Ma interval is obtained from
two points in the depth vs. age plot in Figure 4.7, namely, the moments when the
lowest currently exposed rocks (represented by CP) passed through the HePRZ and
when they arrived at the Pliocene seaﬂoor. Additional information from ﬁssion track
modelling (Fig. 4.6) suggests that in the 7-5 Ma time interval cooling rates initially
were ∼11 ± 2◦C/Myr. and accelerated to 20 ± 3◦C/Myr. at ca. 6 Ma.
Both thermochronometers point to substantial exhumation in the period coin-
ciding with the Messinian salinity crisis. It is therefore concluded that the higher
exhumation rate obtained for the 7-5 Ma time interval does not correspond to ac-
celerated vertical displacement (i.e., accelerated uplift or exhumation), but instead
results from intensiﬁed denudation related to the sudden base level drop that is
superimposed on a “background” exhumation rate of 0.4 mm/yr controlled by the
north-dipping thrust. The thickness of the removed rock column during this period
is ∼1.5 km, which is in the same order of magnitude as the sea-level drop in this
part of the Mediterranean.
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4.3 The Messinian Valley and Pliocene inﬁll of Ven-
timiglia (NW Italy)
4.3.1 General features
In the previous sections, it has been demonstrated that signiﬁcant exhumation has
been taken place in the Ventimiglia segment of the Ligurian Alps since the late
Miocene. An accelerated denudation phase resulting from the base level drop during
the MSC suggests that the hinterland relief in this segment of the Ligurian Alps
might have looked different during the Late Miocene to Pliocene than today. Fol-
lowing the MSC and the subsequent reﬁlling of the Mediterranean marine sediments
were deposited during the Pliocene. In section 4.2.5, it was assumed that point CP
is laterally equivalent to the base of these Pliocene sediments. In the following sec-
tions, the evolution and morphology of the basin in which these Pliocene sediments
were deposited is examined.
At present, the Pliocene conglomerates and shales in the Ventimiglia region are
spread in ﬁve main groups of outcrops: from west to east they are the Mt. Bellinda
group (MBelg), the Mt. Magliocca group (MMg), the Mt. Baraccone group (MBg),
the Santa Croce group (SCg) and Mt. Bauso group (MBag) units. Smaller outcrops
of Pliocene conglomerates are present north and east of the MBag (Fig. 4.9).
4.3.2 Age of the basin
The age and origin of the basin hosting the Pliocene sediments has been discussed
for several years (Boni et al., 1985; Breda, 2002; Clauzon et al., 1996; Marini, 1984).
Boni et al. (1985) and Marini (1984) proposed a triangular extensional basin that
developed in the Late Miocene as the result of local asymmetric sinistral rotations
induced by regional rotations. Clauzon et al. (1996) and Breda (2002), based on
physical similarities between the Ventimiglia basin and other features along the Pro-
venc¸al coast, proposed that the Pliocene basin is in fact a Messinian valley that
resulted from ﬂuvial incision during the Messinian base level fall. Due to the ab-
sence of stratigraphic markers at the basal contact between the Pliocene sediments
and the underlying Eocene substratum (hereafter termed the basal contact), the
timing of basin formation is poorly constrained.
Biostratigraphy of the shales found at the basal contact yield an early Pliocene
(Zanclean) age (Boni et al., 1985; Breda, 2002), thus indicating a youngest age for
basin formation. Indirect evidence on the oldest age of the basin is inferred from
the (U-Th)/He data. As discussed in section 4.2.5, the coastal rocks have a He age
of 7.1 ± 0.5 My (upper late Tortonian). As at 5.3 Ma the Pliocene sediments were
deposited, the timing of basin formation is bracketed by these periods. The 7 to 5
Ma period encompasses the MSC, and therefore ﬂuvial erosion in response to the
base level fall is the most likely process for basin formation. The interpretation of
Clauzon et al. (1996) and Breda (2002) is therefore followed in that the basin hosting
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Figure 4.9: Detailed geological map of the Ventimiglia Pliocene basin. Map based on ﬁeld
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the Pliocene sediments is a Messinian valley.
4.3.3 Geological sections and the shape of the Messinian val-
ley
To document the shape and nature of the Messinian valley in the Ventimiglia region,
four geological sections are presented. These are based on compilation of available
maps and own detailed mapping at the 1:10,000 scale. Three sections are at high
angle to the Messinian valley, a fourth is parallel to it.
Transversal sections
The cross section through the, at present day, northern part of the Pliocene sediments
inﬁlling the Messinian valley (Fig. 4.10a) traverses the MBg in which two lithological
units are found: Lower shales and Lower conglomerates (Breda, 2002). The basal
contact is exposed in several outcrops along small trails on either side of the MBg
(scale of the exposures is often a few meters). Basal contact outcrops on the western
side are observed at elevations between 250-150 m, while on the eastern side of the
MBg, they are found between 450-350 m of elevation. The mapview trace of the
basal contact along the northern side of the MBg displays a west dipping trace that
gently crosses lower contours westwards. From these observations, a ∼5◦westwards
dipping basal surface is derived (Fig. 4.10a).
The cross-section in Fig. 4.10b reconstructs the Messinian valley underneath the
internal part of the Pliocene succession and traverses the MMg, the MBg and the
SCg. Basal contact outcrops are mainly observed in the MMg and SCg. Along
the northern termination of the MMg, few basal contact outcrops are found but its
position is well constrained and decreases in elevation from ∼250 to 50 m. Along
the northwestern side of the MMg, few basal outcrops are found at approximately
300 m of elevation; on the eastern side they roughly coincide with the present day
riverbed. The mapview trace of the basal contact along the northern termination
of the MMg displays a gradually eastward dipping trace that gently crosses lower
contours at low angle. These observations suggest that the geometry of the basal
contact underneath the MMg is an ∼6◦eastward dipping surface. In the MBg, the
basal contact is not exposed. Indirect evidence on its shape and position is derived
from the subhorizontal dip of the basal Lower conglomerates (Fig. 4.2 and 4.9),
interpreted by Breda (2002) as bottomsets. In the SCg, outcrops of the basal contact
are found only along the eastern side, where they coincide with the present day
riverbed of the Vallecrosia River. The basal contact in the eastern sides of the MMg
and the SCg are approximately at the same elevation. (Fig. 4.10b). The integration
of the above observations documents a wide basal contact geometry in this part of
the basin with a dip of ∼5-10◦on either side. From the sedimentological observations,
it is suggested that the basal contact geometry in the central part of the section is
approximately subhorizontal and close to present day sea level (Fig. 4.10b).
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The Ventimiglia transect
The southernmost cross-section traverses all the major outcrops of Pliocene rocks
(Fig. 4.10c). In the MBelg, the basal contact is not exposed but its position can be
deﬁned within a ∼10-20 m uncertainty. Elevations of the basal contact are ∼500 m
along both the western and eastern side, suggesting a fairly horizontal position.
The mapview trace along the southern side shows a similar trend. In the southern
part of the MMg, the basal contact is found at slightly higher elevations (75 m)
along the western side than along the eastern side (25 m), where it is close to the
present day riverbed (Fig. 4.9). Indirect evidence that the basal contact underneath
the MMg is at or close to present day sea level is derived from the subhorizontal
dip of the basal Lower conglomerates in the southernmost part of the MMg. The
above observations suggests that the basal contact underneath the MMg, consists
of a ∼2-3◦ eastward dipping surface. In the MBg and SCg basal contact outcrops
are absent, but information on the position of the Messinian valley ﬂoor can be
derived from sedimentological observations. In the southern part of the MBg, toesets
have been documented (Breda, 2002), suggesting that the Messinian valley ﬂoor is
immediately underneath the MBg sediments. The basal contact is not exposed in
correspondence with the SCg. Further to the E, in the MBag, outcrops of the basal
contact are predominantly found along the eastern side (at elevations of ∼50 m)
and southern side (at ∼50 m elevation to sea level). The mapview trace of the
basal contact along the northern and southern side of the MBag, both show traces
westward decreasing in elevation. The above observations suggest that underneath
the MBag, the basal geometry consists of an ∼3-5◦west dipping surface. Combining
all observations along the southern section (Fig. 4.10c), an open and wide Messinian
valley ﬂoor is derived that, in the southern part of the studied area, is at present
day sea level.
Valley parallel section
A north-south cross section illustrates the geometry of the Messinian valley along its
main axis (Fig. 4.11). Although in this section only a cross section transversing the
central axis of the Messinian valley is described, it is noted that similar observations
are made in the MMg and SCg. The section traverses the MBg because it has the
best outcrops and most complete stratigraphy (Breda, 2002). In the northernwestern
part of the MBg, basal contact outcrops are observed at an elevation of 400 m (the
northernmost point of the MBg). Towards the south, the position of the contact
is visible along the east side of the MBg, where outcrops of the basal contact are
found at ∼100 m of elevation (Fig. 4.9). The mapview trace of the contact displays
a gently southward dipping shape. Although the basal contact is not continuously
exposed, extrapolation of the elevations at which these outcrops are found with the
mapview trace, suggest that, in this part of the Ventimiglia basin, the basal contact
has an initial ∼5-15◦, south dip (Fig. 4.11).
Continuing southwards, the position of the basal contact is mostly derived from
exposures along the western side of the MBg (see also Fig. 4.2). Outcrops of the
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Figure 4.11: North-south cross section through the Pliocene basin (see Figure 4.8 for loca-
tion).
basal contact are at approximately the same elevation, indicating that towards the
central part of the MBg the basal contact becomes subhorizontal (Fig. 4.2 and 4.11).
Similar observations are made along the eastern side of the MBg, where outcrops
are found at similar elevations. Locally, the basal contact has been aﬀected by syn-
depositional faulting, with displacement in order of few (tens of) meters (Fig. 4.12).
From Fig. 4.12, it is also seen that the basal contact here displays a 2-3◦southward
dipping surface.
In the southern part of the MBg, no outcrops of the basal contact are found.
Here the geometry of the basal contact is inferred from sedimentological observa-
tions in the Pliocene conglomerates at or close to the basal contact (Fig. 4.2). In
the southern part of the MBg, the steep (∼20◦dipping) foresets of the Lower con-
glomerates decrease southwards in angle to subhorizontal (Fig. 4.9). Breda (2002)
observed that in the southernmost part of the MBg, Lower conglomerates change
laterally, from north to south, into shale. These two observations are interpreted a
downlap in the delta system that make up the Lower conglomerates and a change
from foresets to toesets (Breda, 2002). These observations would conﬁrm that the
sediments are deposited at or close to the base of the paleo-valley (Fig. 4.11).
4.3.4 The overall shape of the Messinian valley
Combining the transversal and valley-parallel sections, a 3D-image of the Ventimiglia
Messinian valley is derived. The main feature of the paleo-valley is that it has an open
and wide geometry. In north-south direction, the Messinian valley is characterised by
an initial 5-15◦dipping surface that rapidly ﬂattens to approximately subhorizontal
southwards. The lengths of this ﬂat part of the paleo-valley ﬂoor is ∼4 km and in
the southern part corresponds roughly to the present day sea level. In west-east
direction, the Messinian valley is characterised by 5-10◦dipping paleo-valley ﬂanks
that become roughly subhorizontal in the central part.
The present-day margins of the Messinian valley mapped do not cover the full
extent of the paleo-valley, as at present day, the paleomargins have been eroded. To
evaluate the dimensions of the Messinian valley, the Pliocene conglomerates presently
outcropping at Mt Bellinda are taken into account (Fig. 4.9 and 4.10c). At present
these conglomerates form an isolated patch; however, extrapolating the geometry of
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N S
Figure 4.12: Syn-sedimentary faulted contact between the Lower conglomerates (black
solid lines) and the Eocene substratum (white solid lines). Faults (black dashed lines) dip
220/84 and 225/64. White dashed lines marks Messinian erosional surface. White circle
shows hammer for scale.
the Messinian valley from Figure 4.10c to the Mt Bellinda conglomerates suggests
that the Ventimiglia Messinian valley extended for more than 10 kilometres. The
post-Pliocene erosion of the paleo-margins of the Messinian valley, makes estimat-
ing the paleo-depth ambiguous, however based on the present day thickness of the
Pliocene sediments, a minimum depth of ∼500 m is estimated.
4.3.5 Deformation prior to, during and following Pliocene
sedimentation
Paleostress measurements and outcrop scale observations were carried out in the
region to assess the deformation regime prior to, during and following subsidence.
Paleostress analysis was performed using the TENSOR package (TENSOR, Delvaux,
1993; Delvaux et al., 1995). Due to the lack of well-deﬁned structures, not enough
measurements could be performed in the Pliocene sediments. Meaningful conclusions
could, therefore, be derived only from stations in the substratum (Fig. 4.13 and Table
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4.4).
Paleostress analysis reveals NW-SE directed tension in 6 of the ten measured
stations. These stress orientations are interpreted as related to Liguro-Provenc¸al
basin opening and are therefore of late Oligocene to early Miocene age. The presence
of such structures has been widely documented in the Ligurian region (e.g., Boni,
1986; Fanucci, 1978; Fanucci et al., 1984; Vanossi et al., 1984).
Deformation continued during the deposition of the Pliocene sediments as ev-
idenced by the presence of syn-depositional faults observed at the basal unconfor-
mity between the Pliocene sediments and the underlying substratum (see also Figure
4.12). These faults are trending NE-SW to ENE-WSW, with displacement in the
order of few (tens of) meters. NE-SW directed tension detected in two stations in
the substratum could also be related to this stage of deformation.
Post-Pliocene deformations produced two southwest dipping normal faults bound-
ing the MBg in the north. A second SW dipping normal fault displaces Lower con-
glomerates of the MBg and bounds the MMg and SCg (Fig. 4.9). In the MMg a
southeast dipping normal fault displaces Lower shales and conglomerates, however
this fault does not seem to aﬀect the Upper conglomerates. Displacements along the
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faults are estimated to be tens of meters, however due to the lack of good strati-
graphic markers within the Pliocene conglomerate succession quantiﬁcation of the
displacement is ambiguous.
The observed NE-SW trending deformation structures in the Pliocene succession
ﬁt well within the stress patterns as detected from earthquake focal mechanisms in
the Ligurian region (NW-SE extension, Bethoux, 1992; Eva and Solarino, 1998; Eva
et al., 2001). The NW-SE compression direction calculated from the paleo-stress
analysis is interpreted to reﬂect the current strain regime in the southern Western
Alps and is probably related to the post-Pliocene uplift of the sediments (Calais et
al., 2002 and section 4.2.5).
4.3.6 Discussion on the origin and shape of the Ventimiglia
Messinian valley
The interpretation on the shape of the Ventimiglia Messinian valley diﬀers from
previous ones, both in terms of shape and depth of the paleo-valley. The minimum
depth of the Ventimiglia Messinian valley is well constrained along sections through
the northern and central parts of the Pliocene sediments and is, based on the present
day thickness of the sediments, roughly 500 m. Information on the depth of the paleo-
valley in the coastal section is limited; however based on indirect arguments from
localities where the basal contact is observed along the coast, it is argued that the
paleo-valley reaches a depth of 500 m in the coastal part too. Clauzon et al. (1996),
based on Messinian unconformities identiﬁed on seismic sections in Chaumillon et al.
(1994), argued for a depth for the Ventimiglia valley of ∼1500 m, of which the upper
500 m are exposed in Ventimiglia and a signiﬁcant part of the paleo-valley is found
oﬀshore (Clauzon et al., 1996). Although a possible oﬀ shore continuation of the
paleo-valley is not discussed, based on the reconstruction a depth of the Messinian
valley of ∼1500 m is considered unlikely. As demonstrated above, it is argued that
the basal unconformity between the Pliocene sediments and the Eocene substratum
of the Ventimiglia valley corresponds roughly with present-day sea level.
The open geometry with the smooth basal unconformity in the Ventimiglia Mes-
sinian valley diﬀers from observations made in other Messinian valleys, which are
thought to have more V-shaped morphologies (e.g. the Var, Rhone and Nile Messin-
ian valleys, Chumakov, 1973; Clauzon, 1973, 1978). The reconstruction is, however,
for the most part well constrained. An open and gentle shape is present in the entire
northern part and in the western and eastern 2-3 km of the southern part. How-
ever, no direct information on the shape of the paleo-valley in the central ∼2 km
underneath Ventimiglia is present and therefore a small V-shaped incision cannot
be excluded. If such would be present, it would be a secondary feature within the
larger valley (see for a comparison the Nile Messinian valley, Chumakov, 1973).
The peculiar shape of the Ventimiglia Messinian valley compared to other Mes-
sinian valleys along the Provenc¸al coast is interpreted to be associated with the late
Neogene to Present exhumation history. Thermochronological data (section 4.2)
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demonstrated that more than 4 km of exhumation has been taken place since the
late Miocene. A signiﬁcant part of this has been related to intense denudation in the
Ventimiglia region associated with the base level drop during the Messinian salinity
crisis (section 4.2.6). The Messinian denudation likely resulted in a lowering of the
relief in the Ventimiglia region resulting in a topography which was characterized
open an wide valleys. Following the Pliocene sea level rise and subsequent Pliocene
deposition, this morphology was fossilized.
In addition to this, the shape of the paleo-valley is also controlled by the Pliocene
tectonic setting. Post-Pliocene uplift in the Ventimiglia area is in the order of 500 m.
This is compatible with 500-900 m of post-Pliocene uplift documented along the Lig-
urian margin (Chaumillon et al., 1994). The post-Pliocene uplift suggests that a less
steep gradient existed during Pliocene times compared to the present-day Ligurian
margin. The less steep gradient would have resulted in less ﬂuvial downcutting of
rivers in the Ligurian margin, and hence can explain why an open and wide geome-
try for the Messinian valley is observed, rather than a “traditional” narrow and deep
valley. Ongoing uplift resulted in tilting of the Pliocene succession as evidenced
by the 5-10◦south-eastward dip of Lower and Upper shales. Paleo stress analysis
showed that the surface expression of ongoing exhumation is accommodated along
NW-SE and NE-SW trending faults. The uplift is related to ongoing exhumation
in the Ligurian Alps, which is possibly accommodated along a north dipping thrust
present at the foot of the Ligurian margin (NT in Fig. 4.1, Bigot-Cormier, 2002 and
section 4.2.6).
4.3.7 Pliocene hinterland morphology
Northern limit of the basin
The apparent diﬀerence between the open and gentle Messinian valley previously
described and the present day steeper and well-incised valleys suggests that during
deposition of the Pliocene sediments the Ventimiglia hinterland had a different shape
compared to the present day situation. In this section it is attempted to reconstruct
the Pliocene hinterland morphology by relating morphological and sedimentological
constraints derived from the Pliocene sediments. At present, the northern termina-
tion of the Ventimiglia Pliocene basin is only partly exposed due to post Pliocene
erosion and fault displacement. Hence, the Messinian-Pliocene morphology of the
area immediate to the north of the Ventimiglia valley is unknown. Reconstructing
the Messinian-Pliocene morphology would allow predictions on how far the Pliocene
sediments reached northward in the Ligurian hinterland.
Detailed sedimentological analysis of the Upper conglomerates shows that locally
a foreset-topset transition is observed in the MBg Upper conglomerates (Fig. 4.2 and
4.9, Breda, 2002). The topsets show channellised ﬂuvial distributary facies that are
indicative for river-dominated deltas. As such, these topsets and related facies give
important constraints on the position on the base level during the deposition of these
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Pliocene conglomerates of Santa Croce unit
(~500m southwards)
N S
Erosional surface at ~575m of elevation in the Eocene flysch
Figure 4.14: Erosional surface in the Eocene ﬂysch at ∼575 m of elevation, just north of the
Santa Croce Pliocene body. In the back of the photo, the higher mountains surrounding
the Ventimiglia area are seen.
sediments in the early Pliocene Ligurian Alps. The topsets are found at elevations
of ∼500 m (at the Mt Fontana, Fig. 4.2 and 4.9). The elevations at which these
topsets are found roughly coincide with some striking morphological features, namely
characteristic ﬂat mountain top surfaces and ridges observed immediate north of the
Pliocene sediments (Fig. 4.14). To investigate if these surfaces could be related to
the Pliocene base level, detailed morphological analysis was performed.
The hinterland of Ventimiglia Messinian valley
To assess the width and length of the ﬂat hinterland in the Ventimiglia region, a
Digital Elevation Model (obtained from Eastern Geo, with a 70 m horizontal and
vertical resolution) was used. Utilising the ER Mapper software package, surfaces of
equal elevation were determined on the Digital Elevation Model (DEM) by analysing
the topography in a 10 m (vertical) interval. To increase the resolution of the
observations, map-scale terraces and mountaintops were handpicked from 1:25,000
topographic maps (25 m contour interval, Istituto Geograﬁco Militare, 1960). In
this, it is assumed that post-Pliocene erosion of these terraces has been minimal.
Map-scale terraces are deﬁned as undulations of contours along mountain slopes
that show clear, ﬂat, surfaces. Dimensions of the considered surfaces are in the
order of 25-50 m. Combined results for the analysis of the area just north of the
Pliocene basin are given in Fig. 4.15.
A ﬁrst-order, overall peak between 500-600 m is present in both terraces and,
less clearly the mountaintops. The maximum of this peak corresponds roughly to
the present-day elevation of the deltaic topsets in the MBg. The surfaces in the
hinterland of the Pliocene basin are therefore interpreted as remnants of a wider plain
situated around the (middle) Pliocene base level during deposition of the sediments.
The slight oﬀset between the maximum elevations at which the Pliocene topsets are
found at present day (∼500 m) and the ﬁrst order peak between 500-600 m, can be
attributed to post-Pliocene fault displacement or might reﬂect a gentle slope in the
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Figure 4.15: Frequency diagram show-
ing 823 measured terraces and moun-
taintops in the Ventimiglia hinterland
(see text for discussion on counting
arguments). First-order peak corre-
sponds to 500-600 m elevation interval
and indicated by optical best-ﬁt line.
As the peak roughly corresponds to
the elevation at which topsets are ob-
served in the Upper conglomeratic se-
quences, it is interpreted to reﬂect the
position of sea level during deposition
of the Upper conglomerates in the early
Pliocene.
(paleo) plain.
To derive a 3D impression of the Mio-Pliocene topography, all points presently
lying between 500-600 m above sea level were connected and the morphology beneath
it was eliminated. The reconstruction of the Pliocene hinterland morphology is
imaged in Fig. 4.16 and shows that the middle Pliocene Ventimiglia gulf was bounded
to the north by a broad, approximately 10-15 km (west-east) by 5 km (north-south)
coastal plain, immediate north of the present day position of the Pliocene sediments.
Towards the north, the coastal plain separates in two branches probably reﬂecting
the major tributary systems of the Pliocene delta. The coastal plain was ﬂanked
by higher ridges with heights up to 500-750 m: in the west the ridge of the Mt.
Grammondo and to the east the ridge of the Mt Bignone-Mt. Nero. These ridges
acted as a barrier between e.g. the Ventimiglia and Taggia Messinian valleys (chapter
5).
4.4 Miocene to Present tectono-morphology of the
western Ligurian Alps
In this chapter, it has been shown that active exhumation signiﬁcantly shaped the
Ligurian Ventimiglia hinterland morphological and sedimentological evolution. Here,
all information is integrated in order to reconstruct the tectono-morphological evo-
lution of the Ventimiglia segment of the Ligurian Alps. Five cartoons reconstruct
the Late Miocene to recent tectono-morphological evolution in Figure 4.17: a) 11
Ma and, b) 7 Ma, both representing time steps derived from the (U-Th)/He data,
c) ∼6 Ma, reﬂecting the time of the Messinian salinity crisis, d) 5.3 Ma, reﬂecting
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Figure 4.16: Reconstruction showing the early Pliocene hinterland morphology. Morpho-
logy is derived by connecting all points presently lying between 500-600 m above present
day sea level and eliminating the morphology beneath this surface. Early Pliocene hinter-
land consisted of a broad coastal plain bordering the Ventimiglia Messinian valley to the
north. Two high ridges bound the Ventimiglia valley to the west and east.
the onset of Pliocene deposition in the Ventimiglia valley and e) Present day. In all
the reconstructions, present day sea level is taken for reference.
To expand the onshore evolution to the oﬀshore domain, a seismic section (ST92-
29) is adopted from Chaumillon et al. (1994) and converted to depth, using velocities
of 1500 m/sec for water, 2000 m/sec for the Pliocene and Quaternary sequences, 4400
m/sec for the Messinian evaporites and 5000 m/sec for the pre-Messinian sequence
(seismic velocities after Finetti and Morelli, 1973).
In the model, several assumptions are made. The absence of well data in this
part of the Liguro-Provenc¸al basin, does not allow a detailed reconstruction of the
subsidence of the basin. Although Rollet (1999), based on basin modelling studies,
argued for∼7 km of subsidence in the Liguro-Provenc¸al basin following rifting (which
ended ∼19 Ma), this study concentrated on a Corsica-Gulf of Lyons transect and
therefore does not coincide with the area of this study. From seismic data in the
Var region it is suggested that since the end of rifting, the Ligurian basin subsided
∼4.5 km (Re´hault et al., 1985). However, the rate and pattern of subsidence during
this period are not constrained. It is therefore assumed that subsidence progressed
at a constant rate. The depth of the acoustic basement is not evident from the
seismic section, but is adopted from Re´hault (1985) and Mauﬀret et al. (1981) to
be ∼3.5 km below the Messinian evaporites. Furthermore, the onshore pre-Pliocene
paleo-topography is unknown. It is assumed that the paleo-topography is a similar
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Late Miocene to recent tectono-
morphological evolution of the Ven-
timiglia area. Black stars in ﬁg-
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subdued as today, i.e. no major relief more than 3 km of elevation was present. The
ﬂysch rocks exposed in the study area do not support such an extreme topography at
the coast in the Pre-Messinian subtropical climate (Bertini, 1994) and at the modest
exhumation rates obtained for the pre-Messinian (section 4.2.5).
At 11 Ma (Fig. 4.17a), moderate relief characterised the Ligurian Alps. Exhuma-
tion was accommodated along the north dipping thrust present at the foot of the
Ligurian margin (after Bigot-Cormier, 2002). The thrust front was located at ap-
proximately 3 to 5 km depth, and a dip of 25 degrees is assumed for the thrust.
Oﬀshore, the Ligurian margin likely had a relative moderate slope; in the Ligurian
basin the acoustic basement was buried approximately 3 km below (late) Miocene
sediments. The depth of the basin is reconstructed correcting for subsidence fol-
lowing Re´hault (1985). Note that in the reconstruction, the angle is not drawn to
scale, but is shown at lower angle. Between 11 to 7 Ma, exhumation in the Ligurian
Alps and subsidence in the Ligurian basin continued (Fig. 4.17b). (U-Th)/He and
AFT data suggest that between 7 to 5 accelerated denudation resulting from the
Messinian base level drop resulted in a lowering of mean relief (Fig. 4.17c and d).
Oﬀshore, thick successions of evaporites were deposited. The position of the thrust
sheet remained roughly constant. At 5 Ma, the point CP was at or close to the
surface, as indicated by the deposition of the Pliocene sediments. The onshore relief
of the Ligurian Alps was characterised by relief up to 500 m of elevation. Oﬀshore,
the Ligurian basin continued to subside.
At the present day (Fig. 4.17e), the Ligurian Alps-basin transect is characterised
by moderate elevations onshore, the steep Ligurian continental margin (∼10◦) and a
deep basin. Based on Plio/Quaternary margin-basin reﬂectors, Bigot-Cormier (2002)
argued that ∼1000 m of displacement has occurred along the Ligurian margin-basin
transition. Chaumillon et al. (1994) proposed that the present day structure of the
Ligurian margin is the result of displacement along several south dipping normal
faults, which accommodated subsidence in the basin and minor uplift of the margin
(∼500 m). From the reconstruction above it has been shown that the present day
structure of the Ligurian margin is the result of active uplift and exhumation. The
normal faults in this case can be explained as collapse structures (Bigot-Cormier,
2002).
4.5 Conclusions
Detrital apatite (U-Th)/He and ﬁssion track thermochronology have been applied
to reconstruct the exhumation history of the Ventimiglia segment of the Ligurian
Alps. Exhumation is recorded from ca. 11 Ma and continues until present. More
than 4 km of exhumation is recorded at an average rate of 0.4 mm/yr. The observed
exhumation is accommodated along a north dipping thrust, which is thought to
emerge at the foot of the Ligurian margin. Combined (U-Th)/He and ﬁssion track
modelling show a phase of accelerated denudation between 7 to 5 Ma at a rate of
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1 mm/yr that is associated with the base level drop during the Messinian salinity
crisis.
Based on several cross sections through Pliocene sediments, the morphology of
the Messinian valley hosting these sediments is reconstructed. A geometry for the
Messinian valley is derived that is approximately 10 km wide and has an open shape.
It is observed that the basal unconformity between the Pliocene sediments and the
underlying substratum is a smooth surface, with dip of the basal unconformity gen-
erally in the order of 5-10◦towards the valleys central axis. The elevation of the basal
unconformity roughly coincides with present day sea level. The results show that the
Ventimiglia Messinian valley is not as deep and narrow as previously thought. Inﬁll
of the Messinian valley coincided with active uplift of the region. The open geometry
of the Ventimiglia Messinian valley results from the local tectonic setting during for-
mation of the valley. The accelerated denudation phase detected by the (U-Th)/He
and ﬁssion track data aﬀected the local relief, resulting in the open and wide ge-
ometry. Morphological reconstructions showed that during Pliocene deposition, the
Ventimiglia hinterland had an embayment-like morphology which was characterised
by a broad, approximately 10-15 km (west-east) by 5 km (north-south) coastal lain
immediate north of the present day position of the Pliocene sediments.
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Tectonic evolution of the Taggia region
(NW Italy): implications from outcrop
studies and seismic analysis
5.1 Present day geological setting of the Taggia
area
The Taggia area of N Italy encompasses an elevated hinterland consisting of Creta-
ceous Helminthoid ﬂysch (San Remo unit) and a coastal zone where Pliocene marine
sediments crop out (Fig. 5.1). The structural setting of the ﬂysch unit is charac-
terised by large NW-SE trending anticlines and synclines that can be traced inland
for several kilometres (Boni, 1986). Although major deformation of the ﬂysch unit
is related to nappe emplacement during the formation of the Ligurian Alps, neo-
tectonic activity in the Taggia area has been documented and mainly attributed to
the NW-SE trending Saorge-Taggia strike slip fault (Cosani, 1997; Eva et al., 2000;
Marini, 2000). Although earthquake focal mechanisms have demonstrated a left lat-
eral movement (Cosani, 1997; Eva et al., 1997); the displacement along this fault
has not been quantiﬁed.
The third largest occurrence of Pliocene sedimentary rocks in the Italian Ligurian
Alps are found along the coast. The 300 to 400 m thick sediments, occupy∼5 km N-S
by ∼5 km W-E (Marini, 2000; Schro¨der and Carobene, 1999) and are ﬂoored by the
Helminthoid ﬂysch substratum (San Remo unit, Figure 5.2). The Pliocene succession
is characterised by a repetition of coarse-grained conglomerates and marine shales,
arranged in three stacks of Gilbert-type delta sequences that have foresets up to 15-
20◦(Marini, 2000; Schro¨der and Carobene, 1999). Three main stratigraphic units,
marking important stages in the delta evolution, are distinguished: 1) a lower unit,
consisting of coarse-grained breccias, 2) an intermediate and 3) an upper unit. The
latter two consisting of (coarse grained) conglomerates alternated with shale intervals
(Marini, 2000). Deltaic sequences are controlled by three transgressive-regressive
cycles, in which the shale intervals mark the transgressive stages (Marini, 2000).
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Figure 5.1: Present day geological setting of the Taggia area. Q = quaternary alluvial
deposits, P = Pliocene marine conglomerates and shales, E = Eocene ﬂysch, C1-4 = Cre-
taceous Helminthoid Flysch (San Remo unit) and M.f. = (meso) Alpine fold. S.T. line =
trace of the Saorge-Taggia strike slip fault.
Biostratigraphical dating on intermediate unit shales indicate an Early Pliocene
(Zanclean) age (Schro¨der and Carobene, 1999). The paleo-water depth at which the
shales were deposited is estimated at 400-500 m (Boni, 1986).
At present-day, the Pliocene sediments in the Taggia region are spread in two
main groups of outcrops (Fig. 5.2): the Bussana Vecchia group (BVg) and Castellaro
group (Cg). Small outcrops of Pliocene sediments are found just north of the BVg
(Mt. Alboreo) and east of the Cg (near Terzorio and Pompeiana). The dissection
in the two main groups results from post-Pliocene erosion by the Argentina river.
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Figure 5.2: Detailed geological map of the Taggia Pliocene basin combined with sample
location for (U-Th)/He dating. Closed circles = successful He measurements, open circles
= unsuccessful measurements. Map redrawn and modiﬁed after Marini (2000). BVg =
Bussana Veccia Group, Cg = Castellaro Group. Topographic map from (Istituto Geograﬁco
Militare, 1960), with coordinates in UTM, zone 32.
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5.2 (U-Th)/He dating
5.2.1 Sampling strategy
Sampling for (U-Th)/He dating has been carried out along the Mt. Colma ridge,
which rises immediate west of the Taggia Pliocene sediments (Fig. 5.2). Based
on the ﬁrst results of the Ventimiglia samples (chapter 4, section 4.2.2), it was
thought that He ages are sensitive enough to document cooling over an elevation
less than 1 km. The Mt. Colma ridge might preserve the time of incision of the
Taggia region and possibly indicate an age of the basin hosting the Pliocene marine
sediments. The elevation of the Mt. Colma ridge, together with the proximity of
Pliocene sediments, therefore, set the sampling strategy for (U-Th)/He dating in
the Taggia area. Although following the Ventimiglia series-2001 measurements it
became clear that cooling over elevations of <1 km is only partly documented,
additional sampling near Taggia was not carried out.
Five samples, collected in the Cretaceous Helminthoid ﬂysch (San Remo unit)
were taken along the Mt. Colma ridge (Table 5.1 and Fig. 5.2). The top three
samples were sampled along a near vertical proﬁle, while the lowest most sample
were taken some 2 km southward. As the Mt. Colma ridge is considered to be one
tectonic block, post-Pliocene fault displacement can be neglected. All samples were
analysed during the second Ventimiglia measurements (series-2001). Details of the
analytical error and reproducibility of standard are reported in section 4.2.3.
5.2.2 He ages
He ages, corrected for α-ejection vary between 22.0 and 6.4 Ma (Table 5.1). Among
the ﬁve samples, two failed to yield reasonable measurements during either He ex-
traction or ICP-MS analysis. Due to the lack of high-quality apatite grains re-
measurement of these samples was not possible. Of the samples, three yielded very
small apatite grains, reﬂected by the Ft of ∼0.3. Consequently, the contribution of
the α-correction to the cumulative (=analytical plus α-correction) error is relatively
high. To account for the larger Ft error contribution to samples that have a Ft
factor of ∼0.3, the Ft-error is doubled.
Duplicate/triplicate measurements exhibited some spread in He ages (Table 5.1).
For one sample, the spread likely results from a diﬀerence in apatite grain size (S-00-
03-I and III). For the other samples, grain-to-grain variability and grain morphology
are of unimportant as grains yielded similar sizes and geometries. It is therefore likely
that the observed spread for these samples is attributed to the presence of undetected
inclusions. Applying the ﬁlter criterion deﬁned in chapter 4 removes high age outliers
of samples S-00-03 and S-00-04. Remaining ages vary between 9.3 to 6.4 Ma and are
plotted against elevation in Fig. 5.3. An error weighted linear best ﬁt was calculated
(with 95% conﬁdence interval), showing a positive age-elevation relation for the Mt.
Colma data. Even though the data coverage is limited and results should be treated
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Figure 5.3: He ages for Taggia samples.
Best ﬁt (with 95% conﬁdence interval) was
calculated using TableCure3D 2.0. He ages
show positive relation with elevation and in-
dicate 0.3 ± 0.2 mm/yr exhumation. See
text for discussion.
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with care, the He data from the Taggia area demonstrate a late Miocene cooling
phase, which is interpreted as the result of cooling by exhumation. The slope of the
regression line suggests an exhumation rate of 0.3 ± 0.2 mm/yr for the transition of
the rock column through the HePRZ. The thermal modelling discussed in chapter
3, section 3.5, suggests that for such moderate exhumation rates, overestimation of
the exhumation rate is negligible.
The late Miocene He ages obtained along the Mt. Colma ridge (and the resulting
exhumation rate for the transition of the rock column through the HePRZ) are
comparable to those obtained from the Ventimiglia region discussed in chapter 4.
It is therefore concluded that the Taggia area experienced a similar exhumation
history. The long-term exhumation in the Taggia area is accommodated along a
north dipping thrust, emerging at the foot of the Ligurian margin. Although a short-
lived accelerated denudation pulse has not been demonstrated evidently, based on
the presented He data the integration of the late Miocene He ages to the presence
of Pliocene marine rocks nearby (section 5.3) suggests that the Messinian base level
fall and related accelerated denudation phase is likely.
The timing of the Taggia valley formation is not constrained by the Mt. Colma
data. However, the late Miocene ages are indicative of a maximum age of the
morphology in the Taggia area. Reconstruction of the morphology of the basin in
which the Pliocene sediments were deposited might allow the age of the valley to be
reﬁned.
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5.3 Taggia Messinian valley
5.3.1 Morphology of the Taggia basin
On the origin of the Taggia basin several hypotheses have been proposed. Marini
(2000) postulated that the Taggia Pliocene sediments are the result of syn-tectonic
deposition in a roughly NW-SE trending graben formed in response to a sinistral
movement along the Saorge-Taggia strike slip fault (Fig. 5.1). NW-SE trending
ridges (horsts) thereby formed the basin edges. Schro¨der and Carobene (1999) also
proposed a tectonic origin for the Taggia basin, but suggested that the ﬁnal shape
resulted from ﬂuvial incision during the Messinian salinity crisis. Clauzon et al.
(1996) attributed the origin of the Taggia basin only to ﬂuvial incision resulting
from the base level fall during the MSC.
In discussing the origin of the Taggia basin, the morphology of the basin has
been largely neglected. To document the nature and shape of the Taggia Pliocene
basin, ﬁve cross sections are presented. Cross sections are reconstructed based on
the detailed geological map of the Taggia Pliocene succession published in Marini
(2000) integrated with own ﬁeld observations. Three sections traverse the basin in
W-E direction (Fig. 5.4). Two N-S sections, approximately parallel to the basin’s
main axis (Fig. 5.5), are adopted from Marini (2000).
Transversal sections
Sections in Figure 5.4a traverse the northernmost part of the Taggia basin. Outcrops
of the basal contact between Pliocene lower unit breccias and the underlying Creta-
ceous substratum (hereafter basal contact) are found along the western side of the
Bussana Veccia group (BVg) at ∼350 m, while on the eastern side at ∼50 m (here
corresponding roughly to the present day river bed). The mapview trace of the basal
contact along the northern side of the BVg is rather irregular, but generally displays
a trace that descends to lower elevations towards the east. The above observations
suggest a ∼6◦eastward dipping basal contact surface underneath the BVg. Along
the western side of the Castellaro group (Cg), the basal contact is found at ∼150 m
altitude. Although along the eastern side of the Cb Quaternary deposits cover the
basal contact, the few basal outcrops found sugges that underneath the Cg the basal
contact has a gentle westward dip. Integration of the above observations results in
a wide basal contact geometry with dips of about 6◦on either side in this part of the
basin (Fig. 5.4a). Marini (2000) reported several NE-SW trending syn-depositional
normal faults that displace the basal contact.
In Figure 5.4b, the intermediate part of the basin is reconstructed. Basal contact
outcrops are found along the western side of the BVg at ∼200 m; at the eastern side
the basal contact is positioned below the present day riverbed (located at ∼25 m
of elevation). No additional information can be obtained from the mapview trace.
In the Cg, basal contact outcrops are only found along the eastern side at ∼150 m
of elevation. The mapview trace, however, suggests a gentle southwestward dipping
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basal surface geometry that has a 5-10◦dip. The shape of the valley in the central
part of section could not be reconstructed as quaternary deposits cover it.
Figure 5.4c reconstructs the southernmost part of the Taggia basin. At present,
the western termination of the BVg is formed by a southwest dipping reverse fault
(see section 5.3.4). No basal contact outcrops are found along the eastern side of the
BVg. Here intermediate unit conglomerates reach the present day riverbed. Recon-
struction of the central part of the basin is uncertain as alluvial Quaternary deposits
cover it. In the Cg, basal contact outcrops are only found along the eastern side at
approximately 50 m. At the western side of the Cg, intermediate unit conglomerates
reach the present-day riverbed (roughly corresponding to present-day sea level). In-
direct observations, however, constrain the position of the base of the Taggia basin.
In the southernmost part of the Cg, the intermediate unit conglomerates have a
8◦dip, suggesting that they are deposited close to the basin ﬂoor.
Basin parallel sections
Two N-S sections presented in Figure 5.5 illustrate the geometry of the basin along
its main axis. Interpretation of the cross sections is based on sections presented
in Marini (2000). Figure 5.5a traverses the BVg. In the northernmost part of the
section a, at present day, isolated patch of shales is outcropping (near Mt Alboreo)
which is interpreted as being part of the intermediate unit (Marini, 2000). South of
these shales, the main succession of the BVg Pliocene sediments is outcropping. The
geometry of the basal contact surface is derived from the mapview trace. The basal
contact has an initial ∼10-20◦southward dip, being slightly steeper in the northeast
(Taggia) than in the northwest. In the central part of the section, sedimentological
observations (Marini, 2000) indicate that intermediate unit conglomerates grade
southwards into sand. This suggests that these sediments are deposited close to basal
contact (Marini, 2000). Towards the southern part of the section, the basal contact
becomes gradually sub-horizontal (Marini, 2000). The, at present day, southern
termination of the BVg is marked by a SW dipping reverse fault (see section 5.3.4,
Marini, 2000).
Figure 5.5b traverses the Cg. In the northwesternmost part of the section, near
the village of Castellaro, the mapview trace of the basal contact crosses, in SE direc-
tion, the contours at high angle. This angle decreases southwards, suggesting that
the basal contact has an initial ∼20-30◦southward dip decreasing to subhorizontal
near the coast. Sedimentological observations show that at the northernmost part
of the Cg, top sets have been documented in the intermediate unit conglomerates
(Marini, 2000). Immediate southwards, the dip of the conglomerates increase in an-
gle to ∼18◦. From the sedimentology, it is therefore concluded that near the town of
Castellaro, the position from which the delta is prograding is observed. Continuing
southward, the section is cut by a NW-SE directed pop-up structure bounded by
reverse faults, in which the Cretaceous substratum is outcropping (see also section
5.3.4, Marini, 2000). Immediate south of the fault zone, the basal contact is observed.
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The Taggia transect
Here, the mapview trace of the contact is characterised as a gentle lower contour
crossing trace, indicating that the basal contact surface has a 5-10◦southwest dip. In
the southernmost part of the Cb, conglomerates are found down to the present day
coastline. Although basal contact outcrops are absent, its position can be inferred
from sedimentological observations. The dip of the intermediate unit conglomerates
in this part of the Cg decreases roughly from 20◦to 8◦, suggesting a downlap in the
basin. From this it is interpreted that the basal contact is close to the present day
river bed (which here coincides with the coast line).
5.3.2 Origin and shape of the Taggia basin
Age of the basin
The sections presented here reconstruct the geometry of the basin. However, the
morphology and sedimentary inﬁll do not provide additional information on the
timing of basin formation. Several indirect observations, however, narrow the time
of formation of the Taggia valley. Biostratigraphy on the Pliocene sedimentary inﬁll
yield early to middle Pliocene ages (Schro¨der and Carobene, 1999), thus deﬁning the
youngest age for valley formation. The maximum age might be indicated by the He
ages of the surrounding substratum (Mt. Colma ridge). The late Miocene He ages,
demonstrate that the rock column of the Mt. Colma cooled below the HePRZ during
that period. As such, the He ages roughly approximate a minimum (Tortonian) tme
for basin formation. As o indications were found for a tectonic controlled origin,
the formation of the Taggia basin is most likely the result of (ﬂuvial) incision. As
the age range limits the timing to the late Miocene, the base level drop during the
Messinian therefore explains best the age (and mechanism) of basin formation.
Geometry of the basin
To reconstruct the 3D geometry of the Taggia basin, the transversal and basin
parallel sections are combined. As a general characteristic, the Taggia basin has
an open and wide shape. In north-south direction, the basin is characterised by an
initial 20-30◦dipping surface that rapidly decreases to a 10◦to subhorizontal dip in
the central and southern part. In west-east direction, the Taggia basin has about
5-10◦dipping valley ﬂanks.
At present day, the lateral paleo-margins of the Pliocene basin are not preserved
due to post-Pliocene erosion and faulting, except possibly east of Castellaro where
the ridge northeast of Castellaro forms the basin termination. To evaluate the di-
mension of the Taggia basin in the non-exposed part, Pliocene outcrops east of the
main succession (near Terzorio) are taken into account. Although the relation be-
tween the Terzorio shales and the main Pliocene succession is not clear, extrapolating
the geometries derived from sections in Figure 5.4, a minimum width of 7 km is ob-
tained. On the western termination of the basin, information is absent, however,
the geometries derived in Figure 5.4 suggest that the Mt. Colma ridge could be the
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western termination. The termination of the Taggia basin in north-south direction
is exposed near Castellaro, but will be discussed in more detail in section 5.3.5.
The minimum depth of the Taggia Messinian valley is well constrained along
sections through the northern part of the paleo-valley. Based on the present day
thickness of the Pliocene succession, a depth of 300-400 m is obtained. The depth in
the southern (coastal) part of the paleo-valley is, however, less well constrained. The
absence of basal contact outcrops (or independent geological data from, for example,
wells) does not allow a detailed reconstruction of the depth in the central 1-2 kilo-
metres of the paleo-valley. Clauzon et al. (1996) and Schro¨der and Carobene (1999)
argued for a deep central part of the basin. However, from indirect (sedimentologi-
cal) observations it was derived that the basal contact in the southern, coastal parts
of the basin is not buried deep below the present day riverbed; this would suggest
that also here the minimum depth is roughly 300-400 m. The lack of outcrops in
the (southern) central axis and the absence of independent constrains (e.g., seismic
or borehole data), a deeper geometry for the Taggia basin cannot be excluded.
In the reconstruction presented above, no indication was found supporting the ge-
ometry of the basin to a (extensional) graben as proposed by Marini (2000) although
signiﬁcant (post) Pliocene faulting is observed (see section 5.3.4).
5.3.3 Deformation of the Pliocene succession
Outcrop scale observations and three paleo-stress measurements, two located in the
Cretaceous substratum north of the Pliocene succession and one in the pop-up struc-
ture in the Cg, were carried out in the region to assess the deformation regime prior
to, during and following Pliocene deposition (Fig. 5.6 and Table 5.2). Paleo-stress
measurements indicate NW-SE to NE-SW directed tension. The tension directions
detected are similar to what has been observed in the Ventimiglia area. The tension
direction in the Taggia area therefore are interpreted to reﬂect the stress regime
during the late Oligocene to early Miocene Liguro-Provenc¸al basin opening.
Deformation continued during the deposition of the Pliocene succession as evi-
denced by the presence of several syn-depositional normal faults in both the BVg
Table 5.2: Paleo stress tensors. N = number of geological structures used to calculate the
reduced paleo stress tensor. σ1, σ2 and σ3 are the principle stress directions. R = stress
ellipsoid shape ratio. α describes the mean deviation between theoretical and observed
movement and is a measure for the accuracy of the calculated stress tensor Q is quality if
calculated stress tensor, taking into account n and α: A = good, B = medium, C = poor,
D = not reliable). Stress tensors calculated with Tensor (Delvaux, 1993). C.F.=Cretaceous
Flysch. No GPS-coordinates available for these stations
Site Rock n σ1 σ2 σ3 R α Q Tensor type
Taggia1 C.F. 6 050/51 202/35 302/14 0.17 9.2 B radial extensive
Taggia2 C.F. 9 034/51 242/36 142/14 0.5 50.3 C pure extensive
Taggia3 C.F. 16 113/62 312/27 218/08 0.43 57.7 C pure extensive
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Taggia
N
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N
N
Taggia1
Taggia2
Taggia3
1 km
Figure 5.6: Paleo stress anal-
ysis in the Taggia area shows
NW-SE and NE-SW directed
tension. See Table 5.2 for de-
tails. Principle stress axes:
σ1=black circle, σ2=black star
and σ3=black square
and Cg (Marini, 2000; Schro¨der and Carobene, 1999). Syn-depositional faulting
mainly aﬀected the lower unit breccias, with displacements in the order of few tens
of meters (Marini, 2000).
Post-Pliocene deformation is widely observed in the Taggia area. On a large
scale, post-Pliocene faulting occurred along NW-SE to WNW-ESE trending normal
and reverse faults. In the BVg, post-Pliocene faulting controls the southwestern
termination of the group. Although Marini (2000) interpreted this fault as a NE
dipping normal fault, structural data based on the distribution of Pliocene and
substratum contacts indicates that it is a southwest dipping reverse fault. Minimum
displacement along this fault, based on the assumed position of the basal contact in
the footwall part, is in the order of 50-100 m (Fig. 5.4c). The central part pf the
BVg cut by a south dipping normal fault; displacement is in the order of few (tens
of) meters.
In the Cg, post-Pliocene fault displacement controls the present day architecture.
In the central part of the Cg, Pliocene deposits are no longer present but Cretaceous
substratum is outcropping up to the highest elevation. Marini (2000) interpreted
this structure as a pop-up structure bounded by reverse faults. Associated with
the pop-up structure are minor normal and reverse faults. One paleo-stress station
indicates NW-SE tension. Minimum displacement along the pop-up structure, as
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Figure 5.7: Drawing of a geological section at the northern termination of the Taggia
Pliocene basin near the town of Castellaro. Data on the Pliocene succession is redrawn
from a N-S section in Marini (2000) added with own ﬁeld observations. Note the ﬂat lying
surface to the north of Castellaro along which the bedrock terraces are observed. Pliocene
sediments are onlapping on this surface, which is interpreted to represent the paleo-margin
along which the Pliocene delta has been prograding (Marini 2000). No vertical exaggeration
has been applied to the section.
estimated from the position of the basal contact north and south of it, is ∼300 m.
Displacement along the reverse faults caused drag in the conglomerates, resulting in
a local northward dip of the intermediate unit conglomerates (Fig. 5.6).
Marini (2000) explained the post Pliocene deformation in relation to the sinistral
movement along the Saorge-Taggia strike slip fault. Although activity along the
Saorge-Taggia line is likely, part of the post-Pliocene faulting is also related to the
ongoing exhumation of the Taggia hinterland during Pliocene deposition.
5.3.4 Pliocene hinterland of the Taggia basin
The northern limit of the basin
As discussed in section 5.3.2, north of Castellaro the northern termination of the
Taggia Pliocene basin has been preserved. This is imaged on Figure 5.7. Topsets,
characterised by channellised ﬂuvial distributary facies (Marini, 2000), are observed
in the conglomerates (at roughly 300 m) indicating the position of the base level
during Pliocene deposition. Towards the N, the topsets onlap a relatively steep
south-dipping surface that forms the boundary between the substratum and the
Pliocene sediments. This south dipping surface is interpreted to represent a paleo-
slope from which the Pliocene delta is prograding.
North of the paleo margin and its topsets, suites of terraces are found along
the hill slopes of the Cretaceous bedrock forming the elevated Cretaceous ﬂysch
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Table 5.3: Bedrock terraces identiﬁed in the ﬁeld. Distance measured with respect to
the Castellaro (Pliocene) conglomeratic topsets. L = left bank terraces, R = right bank
terraces.
terras elevation distance from terras elevation distance from
(m) Castellaro (m) (m) Castellaro (m)
L1 400 1050 R0 475 450
L2 360 1025 R1 405 1050
L3 305 1025 R2 311 1775
L4 315 1650 R3 433 1825
L5 430 2575 R4 470 1850
L6 200 2000 R5 310 2100
L7 200 2700 R6 447 2100
R7 400 2350
R8 300 2350
hinterland of the Taggia basin. The terraces are roughly located at equal elevation
to the position of the topsets (Table 5.3 and Fig. 5.8a). In Figure 5.8b, these bedrock
terraces are plotted as a function of their distance away from the Castellaro topsets.
Distance for the terraces are calculated along a straight line heading N340E from
Castellaro. Despite some scatter, which probably results from post-Pliocene erosion,
a rough correlation appears between the alignments of the bedrock terraces with the
position of the topsets. These bedrock terraces are therefore interpreted to reﬂect
the paleo-position of the Pliocene base level in the Taggia area during deposition of
the conglomeratic topsets in the Cg. The maximum elevation at which the Pliocene
conglomerates are found at present day (∼480 m, Pto. Pistorin, the northernmost
part of the BVg), suggest that during deposition, the Pliocene sea level also reached
higher elevations.
The hinterland
The presence of the bedrock terraces and topsets, suggest that the Taggia hinterland
had an embayment like morphology bounded to the north by a plain entering the
present day valley for a length of at least 2-3 km. The plain was then subsequently
eroded and dissected during post-Pliocene uplift and erosion. At present day, the
hinterland immediate north of Taggia reaches elevations up to 1100 m. If the position
of paleo-sea level of roughly 300 m is taken as reference and subtracted from the
mean present-day topography, the Pliocene image is obtained of a hinterland having
elevations up to 900 m. In this, it is assumed that post-Pliocene erosion and fault
displacement in the hinterland is minimal. An cartoon of the Pliocene hinterland
during deposition of the Castellaro topsets is imaged in Figure 5.9.
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Figure 5.8: A: Bedrock terraces plotted as a function of their distance away from the Castel-
laro topsets. See text for discussion. B. Photo showing the examples of the interpreted
terraces.
5.4 Architecture and evolution of the Ligurian mar-
gin and basin, oﬀshore Taggia
5.4.1 The Ligurian basin oﬀshore Taggia
In the last decades, several studies have been conducted to unravel the evolution
of the Ligurian basin (e.g., Bigot-Cormier, 2002; Gueguen et al., 1998; Mauﬀret et
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Figure 5.9: Image of the middle Pliocene hinterland morphology of the Taggia area during
deposition of the Castellaro topsets.
al., 1981; Re´hault et al., 1985; Rollet et al., 2002). However, most of these studies
concentrated on the evolution following continent break up and ocean spreading
(Gueguen et al., 1998; Re´hault et al., 1985; Rollet et al., 2002), while the Plio-
Quaternary evolution has received only little attention (Bigot-Cormier, 2002). The
results discussed in the previous sections make clear that, during the late Miocene
to present, the Taggia segment of the Ligurian Alps experienced signiﬁcant vertical
movements. The magnitude of these movements would suggest that they would leave
their imprint in the oﬀshore Ligurian basin. In the following sections, therefore, the
oﬀshore continuation of the Taggia transect is studied. For this, two seismic lines
are discussed (Fig. 5.10, Finetti and Morelli, 1973; Re´hault et al., 1985).
MS-47 line (Fig. 5.11) starts ∼8 km oﬀshore San Remo where it just covers the
lower part of the Ligurian margin (shotpoint 1-80). Heading in SE direction, the
∼110 km long line crosses the Ligurian basin towards Corsica. In the following
section, only the ﬁrst 50 km (shotpoint 1 to 600) are discussed as this images the
processes directly related to the onshore Ligurian Alps. Line MS-37, located ∼11
km oﬀshore, runs parallel to the Ligurian coast in a NE-SW direction and covers the
area from San Remo to Albenga (Fig. 5.12).
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Figure 5.10: Location of seismic lines. Indicated are also the 1000 and 2000 m isobaths.
The 2000 m isobath is generally taken as reference for the margin-basin transtion.
The seismic surveys were shot during the 1972 cruise of the seismic research vessel
L.F. Marsili by the Istituto Nazionale di Oceanograﬁa e di Geoﬁsica Sperimentale
(O.G.S., Trieste, Italy). Details on the acquisition parameters are given in Finetti
and Morelli (1973). In order to get a good resolution of the upper 1-2 seconds (i.e.
the late Neogene sequences), lines MS-37 and 46 were re-processed during this study
at the O.G.S. institute, using the ’Focus’ software package. (De)convolution, velocity
analysis, NMO-correction and migration were applied.
5.4.2 Interpretation of seismic data
MS-47
Six main seismic units are recognised on line MS-47 (Fig. 5.11, Finetti and Morelli
(1973); Re´hault et al., (1985)). A seismic unit is deﬁned as a mappable interval
of seismic reﬂections bounded by marker reﬂectors. Seismic units are labelled from
bottom to top unit 1 to 6. Unit 1 is marked AB and corresponds to the acoustic
basement. Along the Ligurian margin, the AB is clearly mappable and likely reﬂects
the oﬀshore continuation of the Cretaceous Helminthoid ﬂysch. The Cretaceous
rocks continue underneath the AB, after which they change into true ocean domain
structures related to the Liguro-Provenc¸al rifting (Rollet et al., 2002). The transition
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of the AB belonging to the Ligurian margin to the AB in the Ligurian basin is not
continuous, but is oﬀset vertically by ∼2 sec TWT. Seismic unit 2 is just ontop of AB
and is characterised by well-layered reﬂections interpreted as lower Miocene pre- to
syn-rift sediments (e.g., Finetti and Morelli, 1973; Rollet, 1999). Unit 2 reﬂections
are truncated to the north by the AB (around shotpoint 120). From shotpoint
280 on, unit 2 reﬂectors show up as discontinuous reﬂectors that are diﬃcult to
trace. Average thickness of the unit decreases from ∼1.2 sec TWT at the foot of the
Ligurian margin to 0.5 sec TWT at the southernmost part.
Unit 3 is bounded by high amplitude, positive reﬂections, but internally it is
acoustically transparent. Based on its seismic characteristics, unit 3 is interpreted
as Messinian salt (MS, Finetti and Morelli, 1973; Montadert et al., 1978; Re´hault et
al., 1985). The unit is approximately 0.5 sec TWT thick, although local variations
are observed. In the NW, unit 3 reﬂectors pinch out against reﬂections of either
AB or unit 2. Several salt domes, with accompanying rim-syncline and collapse
structures, originate from this unit, with the largest one observed between shotpoint
280-350 (e.g., Gaullier and Bellaiche, 1996). Unit 4 is ∼0.5 sec TWT thick and
consists of well-layered, parallel and high amplitude reﬂectors that can be continu-
ously traced throughout the entire section. Unit 4 is interpreted as Messinian Upper
Evaporites (UE, Finetti and Morelli, 1973; Re´hault et al., 1985). It is bounded to
its top by a positive, high amplitude reﬂection, known as the M-reﬂector (Hsu¨ et al.,
1973; Montadert et al., 1978), a reﬂector characteristic for the uppermost Messinian
evaporates and marks the end of the Messinian. The UE reﬂectors are locally de-
formed by halokinesis of Messinian salt. However, at the foot of the Ligurian margin
(between sp 100 and 150) the UE reﬂections are folded against reﬂections belonging
to unit AB. Folded reﬂections are parallel and maintain their internal thickness.
Unit 5 consists of relatively well-layered, parallel reﬂections and has an average
thickness of 0.25 sec TWT. Unit 5 reﬂectors are interpreted as lower/middle Pliocene
sediments (LP). The top of the unit is not a single, continuous reﬂection, but corre-
sponds to the transition from well-layered to chaotic reﬂections. In the NW part of
the seismic section, between shotpoint 80-140, the reﬂectors are truncated by the AB
and show a similar folding pattern described for unit 4. Between shotpoint 360-600
a broad anticlinal structure is identiﬁed; the top part of which seems to be truncated
by the overlying unit (roughly between sp 440-500). This truncation is interpreted
as a middle Pliocene unconformity (Barbetsea et al., 1982). The upper most unit
(unit 6) is characterised by chaotic and discontinuous reﬂectors that likely represent
upper Pliocene/Quaternary sediments (P/Q). Thickness of the unit is fairly constant
between ∼0.2-0.3 sec TWT. In contrary to the other units, the P/Q reﬂections can
be traced continuously from the Ligurian margin to the basin.
MS-37
Line MS-37 (Fig. 5.12) runs parallel to the Ligurian coast, approximately from San
Remo (in the SW) to Albenga (in the NE). The western part of the line covers the
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Figure 5.11: Interpretation of seismic lines MS-47 (after, Finetti and Morelli, 1973;
Re´hault et al., 1985). AB=Acoustic basement, pM=pre Messinian, MS=Messinian salt,
UE=Messinian Upper evaporites, LP=lower-middle Pliocene, P/Q=Plio-Quaternary. 100
shotpoints equals approximately 10 km.
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foot of the Ligurian margin; towards the east, the line cuts the steep margin at
high angle. MS-37 is intersected with MS-47 (previous section) and MS-36 (chapter
6) at shotpoints 380 and 150 respectively. As MS-37 mainly traverses the acoustic
basement (AB), interpretation is limited to a thin sedimentary sequence covering the
AB. Three seismic units are identiﬁed, labelled from bottom to top unit 1-3. Unit 1
reﬂectors display as discontinuous, chaotic and disperse reﬂectors that belong to the
acoustic basement (AB); between shotpoint 150-230, they reach the sea ﬂoor. Unit
2 reﬂectors are only found in the northeasternmost part of MS-36 (shotpoint 0-150),
where they overly the AB. The unit 2 reﬂectors display as high amplitude, parallel
and continuous reﬂectors and are bounded to its top by a very high amplitude
reﬂector. Reﬂectors of this unit are interpreted as Upper Evaporates; maximum
thickness of the unit is 0.5 sec TWT. Reﬂectors belonging to unit 3 display as low
amplitude, discontinuous but parallel reﬂectors, which are traced through out the
line (except between shotpoint 150-230). Thickness of this unit is approximately 0.1-
0.5 sec TWT. This unit is interpreted to represent the Plio/Quaternary sequences.
A striking feature on line MS-37 is the presence of two submarine canyons in the
western part of the section: the present day submarine canyon of the T. Armea and
T. Argentina. The canyon cuts the Plio-Quaternary section, indicating that active
erosion is taking place along it (Bellaiche et al., 1989). Although a present day
submarine canyon is well imaged, no evidence is found for the presence of a (buried)
Messinian canyon between shotpoints 350-450. Such a buried Messinian valley could
be the oﬀshore continuation of the paleo-valley discussed in section 5.3. Clauzon
(1982) described the presence of buried canyon at the Ligurian basin as proof for the
existence of deep Messinian eroded valleys in for example the Rhoˆne and Durance
Messinian valleys (Clauzon, 1973, 1979). The absence of a buried Messinian valley
along the Ligurian margin supports the interpretation outlined in section 5.3 that
the Taggia Messinian paleo-valley does not have a deep central axis that extends far
into the oﬀshore domain.
5.4.3 Deformation of the Ligurian margin-basin
With the exception of the folded reﬂectors at the foot of the Ligurian margin, it is
observed that the upper Messinian to Plio-Quaternary sequences lack tectonic de-
formation (MS-47). Most of the observed deformation is related to halokinesis of
saltdomes from the Messinian salt. The absence of signiﬁcant deformation in the
Ligurian basin is in striking contrast with the vertical movements detected onshore.
Onshore, the long-term exhumation of the Ligurian Alps as detected from the (U-
Th)/He data is attributed to displacement along a north dipping thrust. Based on
Plio-Quaternary reﬂectors that are north (west) ward tilted along the Ligurian mar-
gin Bigot-Cormier (2002) identiﬁed the presence of this thrust and proposed that
it dips towards the northwest underneath the Ligurian margin. Although MS-47
traverses the lower part of the Ligurian margin, the presence of this thrust is not
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evidenced; the seismic resolution (shotpoint 0-100) is insuﬃcient to detect the struc-
ture. However, Bigot-Cormier (2002) proposed that the thrust continued oﬀshore as
a blind thrust in the Messinian evaporitic sequence. Accommodating at least part
of the exhumation detected onshore would suggest that if this scenario is valid, also
signiﬁcant deformation would be expected in the Plio-Quaternary. On MS-47, de-
formation in the Plio/Quaternary sequence, with the exception of the margin/basin
transition, is not being documented. It is therefore proposed that the north dipping
thrust emerges at the Ligurian margin-basin transition (and therefore in part being
responsible for the observed deformation at this part). This would suggest that the
onshore Ligurian Alps and oﬀshore margin are disconnected from the Ligurian basin
domain.
An additional structure, which is thought to show Plio/Quaternary activity is
the Saorge-Taggia strike slip fault. Marini (2000) interpreted this fault to be the
main structure accommodating displacement of the onshore Pliocene succession of
Taggia. Extrapolating the onshore strike of this fault (Fig. 5.1 and 5.10), the Saorge-
Taggia line should cut line MS-37 at an angle of about 45◦between shotpoint 200-
300. However, on MS-37, the Plio/Quaternary succession is undisturbed. Perhaps
Quaternary activity along this fault, as evidenced by earthquake focal mechanisms
(Cosani, 1997), is below seismic resolution and is therefore not detected on MS-37.
5.5 Tectono-morphological evolution of the Taggia
region
In the previous sections data has been presented describing different segments of
the onshore-oﬀshore Taggia proﬁle. Here these results are integrated and the late
Neogene to present evolution of the Taggia transect is discussed.
Based the (U-Th)/He data, it has been suggested that the Taggia area experi-
enced a tectono-morphological evolution similar to that of the Ventimiglia region
(chapter 4). The evolution in time and depth of the onshore Taggia area is there-
fore adopted from chapter 4 (section 4.4). The oﬀshore evolution, however, can be
discussed in more detail based in the seismic section presented in section 5.4.
In order to relate the oﬀ- and onshore evolution, seismic line MS-47 has been
converted to depth, using velocities of 1500 m/sec for water, 2000 m/sec for the
Plio/Quaternary, 4400 m/sec for the Messinian Upper evaporites and salt and 5000
m/sec for the pre Messinian (Finetti and Morelli, 1973). For assumptions and errors
on the assumed subsidence the Ligurian basin has experienced from the late Neogene
to the present, the reader is referred to chapter 4, section 4.4. Three steps, shown
in Figure 5.13 reﬂect the late Miocene to recent tectono-morphological evolution of
the Taggia area: a) 7 Ma, encompassing the period prior to the Messinian salinity
crisis, b) 5.3 Ma, reﬂecting the onset of Pliocene deposition and c) present day.
Reconstructions are made with respect to present day sea level.
At 7 Ma (Fig. 5.13a), the onshore Taggia area is characterised by moderate
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Figure 5.13: Tectono-
morphological evolution
of the Taggia tran-
sect from the Ligurian
Alps to the Ligurian
basin. Seismic line
MS-47 was converted
to depth. See text
for discussion. AB=
Acoustic basement, pM
= pre Messinian, MS
= Messinian salt, UE
= Messinian Upper
evaporites, P/Q = Plio-
Quaternary. Star marks
vertical movements of
onshore Ligurian Alps;
exhumation is adopted
from chapter 4.
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relief. Oﬀshore, the Ligurian margin continues in a gentle dipping slope. To obtain
the position of the AB during in this time frame, the Messinian and Plio/Quaternary
sequences are removed and a depth of roughly 4000 m below present day sea level
is obtained (after Re´hault et al., 1985). The gentle dipping slope along the Taggia
transect during this time, likely resulted in less ﬂuvial erosion of the margin during
the base level fall of the Messinian salinity crisis. Consequently this resulted in the
open and wide shape of the paleo-valley.
At 5.3 Ma (Fig. 5.13b), the Ligurian basin must have subsided about 2-3 km
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in order to accommodate the deposition of the Messsinian sequences. Finetti and
Morelli (1973) proposed an isostatic adjustment of the Ligurian basin in response
to evaporite and salt deposition to explain the observed subsidence. During the
Pliocene transgression, the Taggia area was ﬂooded during which the Pliocene deltaic
sequences were deposited.
In the present day setting (Fig. 5.13c), the Ligurian Alps-margin-basin transect is
characterised by elevated relief onshore, a steep margin and a deep basin. Chaumillon
et al. (1994) documented about 500 to 800 m of Plio-Quaternary uplift along the
Taggia part of the Ligurian margin. Due to the absence of clear stratigraphic markers
such as the top evaporite layer, this cannot be veriﬁed on seismic line MS-47.
5.6 Conclusions
Results of a (U-Th)/He study indicate that the Taggia area experienced signiﬁcant
exhumation during the late Miocene to present. Exhumation is correlated to dis-
placement along a north dipping thrust at the foot of the Ligurian margin. The
late Miocene He ages suggest that the present morphology of the Taggia hinterland
is relatively young. Integration of the He data with the observations of Pliocene
sediments cropping out east of the analysed (U-Th)/He proﬁle indicates a maximum
age for the basin in which the Taggia Pliocene sediments are outcropping. It is
proposed that the Taggia basin is the result of incision during the Messinian base
level fall. This created an open and wide basin, which extended for about 7 km in
west-east direction. The basin was ﬁlled with conglomerates and shales during the
subsequent Pliocene sea level rise. During Pliocene deposition, the Taggia basin was
characterised by an embayment like morphology that extended 2-3 km inland to the
north. Following deposition of the Pliocene sediments, the area was uplifted to its
current position.
Integration of the onshore data with oﬀshore data from several seismic lines
constrain the late Miocene to present tectono-morphological evolution of the area
and suggest that the Taggia Ligurian Alps-basin transect developed from moderate
relief with a low angle margin in the late Miocene, to elevated relief with a steep
margin and deep basin at present day. Deformation of the Ligurian basin is apparent
at the margin/basin transition; the Ligurian basin, in this part, lacks deformation
and shows a continuous deposition of Plio/Quaternary successions.
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The long term exhumation history near
Albenga (NW Italy): implications for the
formation of a Messinian valley and the
oﬀshore Ligurian Basin
6.1 Introduction
6.1.1 The Albenga transect
The Albenga region is located in the easternmost segment of the Cretaceous Hel-
minthoid unit at the border with the Brianc¸onais-Piedmont zone. It encompasses
an elevated hinterland consisting of ﬂysch and limestone rocks (the Helminthoid and
Brianc¸onais-Piedmont units respectively). Along the coastal area Pliocene marine
deposits are present up to 350 m (Fig. 6.1). The Albenga coastal area is, at least for
the Helminthoid unit, characterised by low relief, with elevations up to 200-300 m.
Inland, elevations reach up to 500-800 m while mountains exceeding 1000 m are lo-
cated more than 30 km away from the coast. The present day coastal morphology
is signiﬁcant in contrast to the morphology in the Taggia and Ventimiglia regions,
which are characterised by steep, well-incised valleys and a higher mean topogra-
phy at or near the coast. These observations suggest that the morphology in the
Albenga region is older than towards the western segment of the Ligurian Alps.
To reconstruct the tectono-morphological evolution in this segment of the Ligurian
Alps, apatite (U-Th)/He and ﬁssion track studies have been conducted along two
transects at high angle to the coast.
Near Albenga, the second largest Messinian valley with its Pliocene marine sedi-
mentary inﬁll is found along the coastal regions of the Ligurian Alps (Fig. 6.1, Boni
et al., 1980; Boni et al., 1984; Clauzon et al., 1996). Based on a few schematic
sections, Clauzon et al. (1996) described it as a “classical” Messinian valley, with
relatively steep paleo-ﬂanks and a deep central part. One of the unique features of
137
Chapter 6
A
lb
-0
1-
02
A
lb
-0
1-
01
A
lb
-0
1-
07
A
lb
-0
1-
08
A
lb
-0
1-
11A
lb
-0
1-
12
A
lb
-0
1-
10
A
lb
-0
1-
09
A
lb
-0
1-
04
A
lb
-0
1-
05
A
lb
-0
1-
06
A
lb
-0
1-
03
A
lb
-0
1-
13
A
lb
-0
1-
14
A
lb
-0
1-
15
A
lb
-0
1-
16
A
lb
-0
1-
17
M
t. 
To
rr
e
98
9 
m
M
t. 
C
ar
o
84
2 
m
M
t. 
A
ro
so
83
9 
m
M
t. 
C
er
es
a
91
3 
m
M
. P
o
g
g
io
 A
lt
o
69
1 
m
70
0 
m
S.
 B
ar
to
lo
m
eo
56
3 
m
60
7 
m
51
1 
m
49
2 
m
59
2 
m
77
6 
m
62
1 
m
45
8 
m
M
t. 
C
h
ie
sa
24
4 
m
M
t. 
V
ill
a
34
0 
m
21
0 
m
A
la
ss
io
La
ig
u
eg
lia
V
ill
an
ov
a
d
'A
lb
en
g
a
A
lb
en
g
a
G
ar
le
n
d
a
O
rt
o
ve
ro
96
1 
m
62
0 
m
M
t. 
Lo
ve
g
n
o
92
6 
m
M
t. 
B
er
n
ar
d
o
81
4 
m
10
16
 m
10
21
 m
90
3 
m
10
92
 m
85
4 
m
Rc
. L
iv
er
n
a
54
0 
m
71
0 
m
79
0 
m
50
7 
m
62
1 
m
16
45
 m
M
t. 
Pe
n
n
o
-o
-
Pe
n
n
o
n
e
15
01
 m
M
t. 
B
el
la
za
sc
o
11
74
 m
C
. d
i B
er
n
ar
d
o
11
12
 m
A
rm
o
A
lt
o
N
as
in
o
54
4 
m
52
4 
m
M
t 
C
er
es
a
71
4 
m
M
t. 
Pe
sa
lt
o
68
6 
m
M
t. 
A
cu
to
68
6 
m
54
1 
m
Z
u
cc
ar
el
lo
A
rn
as
co
C
is
an
o
Sa
m
p
le
 lo
ca
ti
o
n
H
o
ri
zo
n
ta
l p
ro
fil
e 
sa
m
p
le
s
Ve
rt
ic
al
 p
ro
fil
e 
sa
m
p
le
s
M
o
u
n
ta
in
 to
p
 w
it
h
 e
le
va
ti
o
n
A
lp
in
e 
th
ru
st
M
in
o
r f
au
lt
69
1 
m
C
re
ta
ce
o
u
s 
H
el
m
in
th
o
id
 fl
ys
ch
P
lio
ce
n
e-
Q
u
at
er
n
ar
y
B
ri
an
co
n
n
ai
s-
P
ie
d
m
o
n
t 
u
n
it
3 
kmN
Sa
n
 R
em
o
 u
n
it
C
as
te
llo
 u
n
it
(s
an
d
st
o
n
es
)
Ju
ra
ss
ic
(L
im
es
to
n
es
)
Sa
cc
ar
el
lo
 u
n
it
(s
h
al
es
)
M
o
g
lio
-T
es
ti
co
 u
n
it
Sa
n
d
st
o
n
es
A
re
n
it
es
A
lla
si
o
 u
n
it
Sa
n
d
st
o
n
es
A
re
n
it
es
C
o
lla
-D
o
m
en
ic
a 
u
n
it
Sa
n
d
st
o
n
es
A
re
n
it
es
A
llu
vi
al
 d
ep
o
si
ts
 (Q
u
at
er
n
ar
y)
Sh
al
es
 a
n
d
 c
o
n
g
lo
m
er
at
es
 (P
lio
ce
n
e)
40
0 
m
 h
or
iz
on
ta
l p
ro
fil
e
M
t T
or
re
 v
er
tic
al
 p
ro
fil
e
Li
gu
ria
n 
Se
a
Figure 6.1: Detailed geological map of the Albenga region. Shown are the sample locations
for (U-Th)/He and ﬁssion track analysis.
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the Albenga Messinian valley is that in certain localities the pre-Pliocene (i.e. Mes-
sinian) morphology has been preserved (Clauzon et al., 1996). Nonetheless, there
are several unresolved questions regarding the shape and the possible hinterland
morphology of the Pliocene basin. Therefore new ﬁeld mapping has been conducted
in the Pliocene sediments near Albenga. The integration of these results with the
(U-Th)/He and ﬁssion track data provides new insights on the Neogene evolution of
the Albenga segment of the Ligurian Alps.
A further interest of the Albenga region lies in the fact that it is adjacent to the
northeastern segment of the Liguro-Provenc¸al Basin. Although several studies have
been conducted on the basin (e.g., Bigot-Cormier, 2002; Chaumillon et al., 1994;
Mauﬀret et al., 1981; Re´hault et al., 1985; Rollet et al., 2002), most of these concen-
trated on the southern segments (e.g., the Gulf of Lions, the oﬀshore Var region).
The northern segment, oﬀshore Albenga, has however, received less attention. Fur-
thermore, the transition between the onshore Ligurian Alps and the oﬀshore basin
has not been well studied as most workers concentrated on either the onshore part
(e.g., Boni et al., 1984; Marini, 1984) or the oﬀshore part (e.g., Rollet, 1999). An at-
tempt to connect the on- and oﬀshore domains has been presented by Bigot-Cormier
(2002), however the focus of attention has been further south, towards the Argentera
and Nice segments.
In this chapter, ﬁrst the (U-Th)/He and ﬁssion track results will be presented
(section 6.2). This will be followed by a discussion on the morphological evolution
of the Albenga region (section 6.3). Finally, the connection to the oﬀshore domain
will be made (section 6.4), in order to asses the tectonic evolution of this segment
of the Ligurian Alps.
6.1.2 Geological setting
In the present day geological setting, the Cretaceous Helminthoid ﬂysch is structured
in four main units in the Albenga segment of the Ligurian Alps: the San Remo, the
Borghetto, the Allasio and the Colla-Domenica units (Fig. 6.1). Structurally, the San
Remo unit makes up the highest unit, while the Colla-Domenica forms the lowest
(Di Gulio, 1992 and references therein). The units were emplaced during Alpine
orogeny and are separated by NW verging thrusts. Although the San Remo unit
consists of large scale, relatively open south vergent folds, suggesting relative simple
deformation (Lanteaume, 1968), the other units show the signature of a multiphase
ductile-brittle deformation evolution (Vanossi et al., 1984 and references therein).
Three main deformation phases, related to the Alpine nappe emplacement, have been
recorded within the Borghetto unit, the Allasio unit and the Colla-Domenica unit
(e.g., Di Gulio, 1987; Galbiati, 1987; Galbiati and Cobianchi, 1997). Although post
nappe emplacement deformation has been documented, it has not been quantiﬁed
(Galbiati, 1987). To the north of the Helminthoid ﬂysch, Jurassic limestones of the
Brianc¸onais-Piedmont zone are outcropping.
The second largest succession of Pliocene sediments in the coastal ranges of the
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Ligurian Alps is deposited on the Cretaceous and Jurassic substratum. The Albenga
Pliocene sediments occupy an area of some 8 km in north-south direction and some
12 km in west-east direction. At present day, outcrops of the Albenga Pliocene
series do not reach the coastline; for approximately 4 km inland from the coast, they
are covered by alluvial (Quaternary) deposits. Unlike the Taggia and Ventimiglia
succession, the main axis for the basin hosting the Pliocene succession, is oriented
in a W-E direction.
The Pliocene succession has been studied in detail by Boni et al. (1980; 1984)
who based the nomenclature for the Ligurian Pliocene successions on the Albenga
sections. Three main sedimentary units are identiﬁed, from base to top they are the
San Giaccomo breccias, the Ortovero shales and coarse-grained Mt Villa conglom-
erates (Boni et al., 1984). Biostratigraphical dating of the Ortovero shales yields
early to middle Pliocene ages (Boni et al., 1984). Gnaccolini (1998) showed that the
internal arrangement of the Pliocene succession is characterised by a Gilbert-type
setting, in which one transgression-regression phase has been identiﬁed. Structural
analysis of the Pliocene succession and surrounding substratum rocks documented
NW and NE oriented faults (Marini, 1984).
6.2 Exhumation in the Albenga region
6.2.1 Sampling strategy and analytical procedures
In order to reconstruct the tectono-morphological evolution of the Albenga region,
(U-Th)/He and ﬁssion track analyses were applied. Apatites, separated from 17
samples collected in the Cretaceous Helminthoid Flysch (Fig. 6.1 and Table 6.1), were
collected along one vertical proﬁle (hereafter named Mt. Torre proﬁle, Fig. 6.1a) and
one horizontal, constant elevation proﬁle (hereafter named the 400 m proﬁle, Fig.
6.2b). The Mt. Torre proﬁle forms a near vertical proﬁle encompassing the highest
elevation (1000 m) to 300 m, complemented with several samples that reach down
to sea level. The coastal sample of the Mt. Torre proﬁle (Alb-01-17) lies some
5 km north of the proﬁle, as the urban area near Allasio did not permit continuous
sampling along the intended proﬁle. Both the 400 m and Mt. Torre proﬁles reach
some 15 km inland; their southern terminations coincide with outcrops of Pliocene
marine rocks (Fig. 6.1). Although sampled proﬁles cross the four structural units of
the Cretaceous Helminthoid Flysch (the San Remo, the Moglio-Testico, the Allasio
and Colle Domenica units, which were emplaced during the Alpine orogeny), the
proﬁles were chosen to be least aﬀected by (post-nappe emplacement) faults (Fig.
6.1) Neogene faulting (Galbiati, 1987), however, cannot be excluded.
Apatites were retrieved from ﬁne-grained (calc)arenites. Even though signiﬁcant
sample material was collected (∼5 kg per sample), the calcareous nature of some
of the samples had the consequence that for some samples only few apatite grains
were retrieved following mineral separation (Table 6.1). Most of the samples yielded
a poor apatite quality: apatites were frosted, rounded, and often had poor grain
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Figure 6.2: Ages plotted along two analysed proﬁles. Samples lables are abbreviated (e.g.
01, in stead of Alb-01-01). Boxes show α-corrected (U-Th)/He ages, circles show ﬁssion-
track ages. A. The Mt Torre vertical proﬁle. B. 400 m constant elevation proﬁle. See
Figure 6.1 for sample location.
geometries. Nonetheless, the best possible grains were selected whereby the photo
archive (used to calculate the α-correction factors) allows a check following age
calculation if age outliers indeed result from poor grain geometries.
Selected apatites varied between 55 to 135 µm (diameter), with an average grain
diameter of 80 µm. A close inspection of the grains showed that a signiﬁcant num-
ber of the selected apatites contained small (solid or ﬂuid) inclusions. Although
U mapping from ﬁssion track samples showed that not all of these inclusions were
U-rich, the presence of inclusions might hamper a satisfactory reproducibility of the
He ages.
All samples were measured in duplicate/triplicate with the exception of sam-
ple Alb-01-04, which yielded only one aliquot. Although initially 15 samples were
measured (Fig. 6.2), 5 samples experienced analytical problems during He extrac-
tion resulting from an undetected leak in the isolation valve between line and the
turbo-pump. These samples (Alb-01-11-II to Alb-01-17-II and standards Dur6 and
7) were omitted and are therefore not listed in Table 6.1. Unfortunately, these sam-
ples (with the exception of Alb-01-17) did not contain enough suitable apatite grains
to allow re-measuring. Alb-01-07-II and 08-I were omitted, as the count rate during
U determinations were at blank level.
As the mean Durango age gives a safe approximation on the analytical error of
unknown (prior to α-ejection) for the actual samples (see also chapter 3), the He
age of 4 Durango splits (sieve fraction 160-180 µm) is reported (Table 6.1). Average
Durango age yields 31.2 ± 6.0 (2σ). Although this is well within the generally
accepted apatite Durango age (e.g. chapter 4 and Farley, 2002), the reported 2σ
error on the Durango ages (∼20%) will concern the actual samples. The large error
results from one Durango measurement yielding 26.7 Myr. Although variations up to
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6 Myr from the accepted Durango He age have been reported, these have mostly been
derived from single grain Durango ages (e.g., House et al., 2000). Because sample
Dur1 consisted of 10 grains, grain-to-grain variability of parent composition should
be negligible. As also the Th/U ratio for Dur1 is similar compared to the other
Durango measurements, Dur1 has been taken into account, despite the resulting
large error.
He ages are corrected for α-ejection following Farley et al. (1996, and modi-
ﬁed in Farley, 2002) with the exception that for few samples a spherical, rather
than a hexagonal geometry has been assumed (Table 6.1). The uncertainty of the
α-correction (Ft-factor) has been assessed by repeated length and diameter deter-
minations of all samples and is usually in the order of 1-2%. In Figure 6.2 and 6.3
a cumulative (analytical plus α-ejection) error has been depicted.
6.2.2 He age results
He ages of samples obtained for the Albenga transect vary between 97.3 to 5.5 Ma
(Table 6.1). He ages of the Mt Torre proﬁle encompass this age range (Fig. 6.2a),
however most ages are between 30 to 5 Ma. Samples from the 400 m proﬁle cluster
around 15 Ma with the exception of sample Alb-01-07-I that yields 47.2 Ma (Fig.
6.2b).
From Table 6.1, it is seen that most samples document a poor to reasonable age
reproducibility. U mapping from three ﬁssion track samples indicates that U is dis-
tributed homogeneously (and a similar behaviour for Th is inferred), suggesting that
parent distribution can be neglected as a source for the age outliers. It was noted
during grain selection that some apatite grains yielded poor crystal geometry and
often contained (few) inclusions. The poor age reproducibility and high age outliers
are most likely attributed to a combination of these factors. A crosscheck with the
photographic record showed that the He ages of samples Alb-01-04, 05 and 07 most
likely result from poor grain geometry. Unfortunately, with the exception of sample
Alb-01-05, only single age determinations were obtained for these samples. As their
reproducibility could not be checked, these samples are omitted from discussion,
together with the high age outlier of Alb-01-06-I (see chapter 4, section 4.2.3 for
discussion on the high-age outlier criterion). Although the aforementioned compli-
cations might also apply to the other samples, the satisfactory He age reproducibility
of these samples suggest that they are negligible.
Remaining He ages are plotted against the elevation of sampling site (Fig. 6.3).
No clear correlation of He ages with increasing elevation is seen. As sampled proﬁles
crossed several structural units in the Helminthoid unit, Neogene fault displacement
could, besides the aforementioned inclusions and grain geometry complications, be
a source for the observed He age pattern. In Figure 6.4, samples are plotted against
sample elevation subdivided along the structural unit. Although within the re-
ported error, the He ages from the different units overlap, the sample from the Colla
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Figure 6.3: (U-Th)/He and ﬁssion
track ages plotted vs. sampling eleva-
tion. Errors are 2σ and give for He ages
the cumulative analytical and Ft error
(see text for discussion).
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Domenica unit (Alb-01-17, the coastal sample) yields a slightly older age. Post-
nappe emplacement fault displacement therefore cannot be excluded to have played
a role in the distribution of the He ages.
Despite the lack of correlation with elevation, the samples along the Albenga
transect point to a lower to middle Miocene cooling phase, which is interpreted as
the result of cooling by exhumation. The lower to middle Miocene He ages show that,
following deposition, the Cretaceous Helminthoid Flysch was buried deep enough to
completely reset the He age. Exhumation, as recorded by the samples, post-dates
the emplacement of the Flysch nappes, which occurred during Alpine orogeny (e.g.,
Di Gulio, 1992; Galbiati and Cobianchi, 1997). The lack of correlation between
the He ages and sample elevation, however, suggests that the transition of the rock
column through the HePRZ did not progress rapidly but likely experienced a slower,
probably more complicated cooling. To reconstruct the cooling history two samples
(Alb-01-02 and Alb-01-17) were modelled using DECOMP. These results will be
discussed in section 6.2.4.
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Figure 6.4: ((U-Th)/He ages plotted vs.
the structural unit in which samples were
collected. Errors are 2σ and give for He
ages the cumulative analytical and Ft error
(see text for discussion).
6.2.3 Fission track results
Three of the (U-Th)/He dated samples were prepared for ﬁssion track analysis (Table
6.2). These samples encompass the highest, intermediate and lowest elevations. FT
ages are 26.0 ± 4.8, 16.7 ± 2.8 and 27.5 ± 3.2 Ma respectively. For consistency
with (U-Th)/He data, a 2σ error is reported for the ﬁssion track ages. Pooled ages
are given for Alb-01-11 and 17, while the central age is reported for Alb-01-06. The
pooled ages indicate that the data are consistent with a single population of ages in
each sample (Galbraith, 1981). This is, however, not the case for sample Alb-01-06,
which did not pass the P(χ2) test indicating that this sample likely has a multiple
age population. As the depositional age of the samples is ∼130 Ma, the multiple age
component is probably due to different chemical composition of the apatite grains
(F and Cl rich apatite grains).
In Figure 6.3, the ﬁssion track ages are plotted against elevation of sampling site.
It is noted that some of the ﬁssion track ages are, within error, indistinguishable
from the He age of the same sample. For a discussion on the intercalibration of
the (U-Th)/He and ﬁssion track ages, the reader is referred to chapter 4, section
4.2.4. The early to middle Miocene AFT ages indicate that the samples were buried
deep enough to reset their ages. The track length distribution for these samples
(a relative low mean track lengths and broad track lengths distribution, Table 6.2),
however, suggest that the samples spent signiﬁcant time in the partial annealing
zone and suggest that the rocks experienced slow cooling following the complete
resetting of the AFT age. Thermal modelling of samples Alb-01-11 and Alb-01-17
will be discussed in the following section.
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Table 6.2: Fission track details for three samples. ρs=density of spontaneous tracks; ρi=density of
induced tracks; ρd=density of tracks in the mica of the dosimeterglass. P(χ
2)=Chi-squared probability
of the single grain ages in %; MTL=mean track length. P and C in the age field are pooled and central
age respectively (with 2σ error). Ages calculated using Trackkey (Dunkl, 2002).
Sample Elev. Nr.of ρsx104cm−2 ρix105cm−2 ρdx105cm−2 P(χ
2) MTLµm Age (Ma)
(m) grains (nr.of
tracks)
(nr.of
tracks)
(nr.of
tracks)
Alb-01-06 306 26 52.74 113.6 1.0 2.2 11.3±2.9 16.7±2.8(C)
(282) (3037) (21504) (16)
Alb-01-11 989 19 60.96 74.95 1.0 25.5 11.7±2.4 26.0±4.8(P)
(163) (1002) (21504) (103)
Alb-01-17 2 25 57.53 72.65 1.0 72.4 12.4±2.4 27.5±3.2(P)
(373) (2355) (21504) (110)
6.2.4 Thermal modelling of the (U-Th)/He and ﬁssion track
data
The absence of correlation between the He and ﬁssion track ages with sample ele-
vation, suggests that the Albenga segment of the Ligurian Alps experienced slow,
rather than a fast cooling. To asses the thermal evolution, He and AFT samples
have been modelled using procedures described previously (chapter 4). (U-Th)/He
modelling has been conducted on Alb-01-02 and Alb-01-17 as these samples have
shown good age reproducibility, a prerequisite for the “reliability” of the He age.
Fission track modelling has been conducted on samples Alb-01-11 and Alb-01-17.
Note that of these, sample Alb-01-17 has been modelled for both methods.
(U-Th)/He modelling
Results for the (U-Th)/He thermal modelling are presented in Figure 6.5. Although
sample Alb-01-02 was measured in triplicate, for the (U-Th)/He modelling the mean
(uncorrected) age is used: 9.7 ± 2.7 (2σ); a 40 µm grain radius is adopted based
on the diameter measurements for this sample (Fig. 6.5a). Sample Alb-01-17 was
measured in duplicate yielding a mean (uncorrected) age of 16.9 ± 3.3 (2σ); a 45 µm
radius is adopted (Fig. 6.5b). DECOMP allows forward modelling and produces a
He age for a speciﬁc t-T path. The grey envelope encompasses t-T paths that yield
modelled He ages within the reported error; the black solid line marks the best ﬁt.
A constraint in the model is the fact that the rocks must have been at the surface
when the Pliocene sediments were deposited (5.3 Ma, Boni et al., 1984). However,
the lack of independent geological constraints (e.g. Miocene sediments) makes it
diﬃcult to prove whether the rocks arrived at the surface during the Pliocene, or
earlier. Given the presence of a Messinian valley (section 6.3), it is assumed that
these rocks were at the surface at least prior to the Messinian.
The produced thermal models show that both samples experienced continuous,
but relatively slow cooling. Slightly different t-T path are, however, reconstructed
for each of the samples. Cooling is recorded from the early Miocene on for sample
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Figure 6.5: (U-Th)/He forward model results for samples Alb-01-02 (A) Alb-01-17 (B).
Thermal histories modelled with DECOMP (Bikker et al., 2003). Grey envelope in A and B
represent time-temperature path models that, within the 2σ error reported ﬁt the modelled
He age; the black solid line represents the best ﬁt. Homog. p.d. indicates homogeneous
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Alb-01-02 while Alb-01-17 requires the onset of cooling from the late Oligocene.
The main diﬀerence between the two models is towards the higher temperature
(60-80◦C), which coincides with the upper limit of the HePRZ. The actual cooling
patterns in this domain are diﬃcult to reproduce given the grain size of the apatites
(40 µm, which would suggest a HePRZ between ∼75 to 35◦C (Farley, 2002; Wolf et
al., 1998)).
The (U-Th)/He cooling patterns can be used to derive an exhumation rate, pro-
vided that the geothermal gradient is known. Although the cooling histories coincide
roughly with the timing of rifting in the Liguro-Provenc¸al domain (e.g., Re´hault et
al., 1985), several studies have demonstrated that geothermal gradients in the on-
shore part of rifting crust are largely unaﬀected by rifting for the shallow crust (i.e.
<5 km, e.g., Feinstein et al., 1996; Gallagher et al., 1998; Gallagher et al., 1994).
It is therefore assumed that the geothermal gradient in the Ligurian domain was
similar to the present day: ∼25◦C/km (Bigot-Cormier et al., 2000; Hurtig et al.,
1991). For these geothermal gradients, both samples yield an exhumation rate of
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∼0.1 ± 0.05 mm/yr while a rock column of ∼2 km has been removed between the
early Miocene and Pliocene.
Fission track modelling
The ﬁssion track thermal models for Alb-01011 and Alb-01-17 are presented in Figure
6.6. Both Alb-01-11 (Fig. 6.6a) and Alb-01-17 (Fig. 6.6b) are consistent with slow
and continuous cooling. Within the errors usually associated with thermal modelling,
no distinct cooling patterns between the samples can be detected. Both models
show that the transition through the lower limit of the PAZ occurred roughly in the
late Oligocene-early Miocene. The transition through the upper limit of the PAZ
occurred only late in the thermal history (the “late Neogene cooling eﬀect”, Laslett
et al., 1987). The fact that the samples must have been at the surface at the onset
of the Pliocene has not been used as an independent constraint, as the models do
not reproduce it. This is most likely attributed to the track lengths measured for
the Albenga samples. One way of dealing with this would be by reducing the initial
track length in the thermal model (e.g., Gunnell et al., 2003). However, as this would
introduce unwarranted errors towards the higher temperature models, reducing the
initial track length has not been applied here.
Intercalibration of thermal models
Both (U-Th)/He and ﬁssion track modelling has been conducted on sample Al-01-17.
Although both models identify slow cooling, several diﬀerences are observed. The
(U-Th)/He model produces a t-T path that requires a relative longer time in which
the sample was at or close to surface temperatures, compared to the ﬁssion track
thermal model. These results indicate some important intercalibration diﬀerences
between the two model techniques (e.g., House et al., 1997).
(U-Th)/He-based models depend on several factors like the parent distribution,
grain radius, etc. Although DECOMP forward model thermal histories produce
a given He age different forward models can result in similar He ages (Meesters
and Dunai, 2002a,b). However, the measured He age does not provide additional
information on how He was accumulated in the apatite crystal. For ﬁssion track
dating, additional information on the t-T path is derived from the track length
distribution.
Despite the diﬀerences between the two applied models, it can be concluded that
they both reproduce a general pattern that matches the data obtained from the two
chronometric systems. Nonetheless, given the uncertainties, care should be taken in
interpreting the data. The thermal models produced in this section are used as an
aid in understanding the thermal evolution, rather than providing the ﬁnal solution
to it.
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Figure 6.6: Fission track inverse modelling results for samples Alb-01-11 and Alb-01-17.
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6.2.5 Vertical movements in the Albenga segment of the Lig-
urian Alps
Both the (U-Th)/He and ﬁssion track data demonstrate that, following the main
Alpine contraction stages, signiﬁcant vertical movements have occurred in the Al-
benga segment of the Ligurian Alps. The cooling ages indicate that the Albenga
segment experienced its main exhumation phase roughly between the late Oligocene
to the middle Miocene. These data underline important diﬀerences between the Al-
benga region and the Ventimiglia/Taggia areas, where exhumation has been recorded
from the late Miocene onward.
The late Oligocene-early Miocene ages recorded by the ﬁssion track data coin-
cide with the time of continent break up and subsequent ocean spreading in the
Liguro-Provenc¸al domain (e.g., Chamoot-Rooke et al., 1992; Re´hault et al., 1985;
Speranza et al., 2002) and could therefore be attributed to exhumation associated
with the rifting stage (e.g., Brown et al., 2000; Gallagher et al., 1995; van der Beek
et al., 1994). Despite the extensional regime (resulting in the early Miocene to ocean
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spreading in the Liguro-Provenc¸al domain), exhumation in the Ligurian Alps con-
tinued as shown by the early to middle Miocene He ages. The rates at which vertical
movements occurred during this time interval are low, in the order of 0.1 mm/yr.
After the middle Miocene, exhumation in the Albenga segment ceased. Following
the early Pliocene, during which marine shales were deposited in the coastal areas
of the Albenga segment (see section 6.3 and Boni et al., 1984), the area was up-
lifted to its present day position. Based on the paleo-bathymetry indicated by the
Pliocene shales (and assuming a Pliocene sea level approximately 100 m higher than
at present day (Haq et al., 1987)), post Pliocene uplift has been between 300-400 m.
6.3 The Messinian valley of Albenga
The (U-Th)/He and ﬁssion track ages demonstrate that the Albenga segment of the
Ligurian Alps experienced their main exhumation phase between the late Oligocene
to middle Miocene. Consequently, the Albenga segment likely had developed an
older (or pre-existing) morphology at the onset of the Messinian salinity crisis. This
indicates that in the Albenga region, the shape of a Messinian valley developed
differently than for example in the Ventimiglia area, which was characterised by an
open and wide Messinian valley.
6.3.1 Pliocene outcrops of Albenga
Morphologically, the Pliocene sediments consist of 3 groups, of which the largest,
the Ortovero group, is positioned in the centre (Fig. 6.7). The Ortovero group
is, to the north and south, ﬂanked by smaller groups of Pliocene sediments: the
Garlenda and Cisano group. Although, at present day, they are rather isolated and
separated by ridges composed of ﬂysch and limestone substratum, it is likely that
these groups represent the paleo-drainage system along which the Pliocene delta
prograded (Clauzon et al., 1996).
The shape of the Albenga Messinian valley is reconstructed in two basin perpen-
dicular cross sections (Fig. 6.8). Unfortunately, in the Albenga region post-Pliocene
uplift and erosion has not been profound enough to expose the base of the valley,
except for the northernmost part in the Ortovero group. As additional information,
from for example borehole data, is not available, the interpretation on the subsurface
part of the Albenga Messinian valley is constrained by extrapolating indirect obser-
vations of the few exposures of the basal contact between the Pliocene sediments
and the underlying substratum (hereafter named the basal contact).
Figure 6.8a shows a N-S cross section through the western part of the basin
and traverses the Ortovero and the Garlenda group. These groups are separated
by a W-E trending ridge composed of Cretaceous substratum. The northern side
of the Ortovero group coincides with an old tectonic lineament, namely the thrust
sheet between the Allasio and Colla-Domenica Helminthoid units (Fig. 6.1). Post-
Pliocene displacement along this thrust is minor to absent, as evidenced by Ortovero
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shale outcrops on either side of the thrust. Along the southern side of the Ortovero
group, the only locality is found where the basal contact is exposed in the Albenga
Messinian valley. In the Ortovero group, the basal contact displays as a 3-4 degrees,
south dipping surface. Continuing southwards, the conglomerates are covered by
alluvial (Quaternary) deposits.
In the Garlenda group, the lateral contact between Pliocene shales and the Creta-
ceous Flysch is exposed, which display as an approximately 10-20 degrees, southwest
dipping surface (Clauzon et al., 1996). The southern paleo-slope is not exposed as
it has been removed by post-Pliocene erosion.
The central part of the Albenga Messinian valley is reconstructed in Figure 6.8b.
It traverses the Cisano group in the north and the westernmost outcrops of the
Ortovero group in the south. Along the northern side of the Cisano group, the lateral
contact between the Pliocene sediments and the Jurassic substratum is exposed (Fig.
6.9). Here, basal Giaccomo breccias and Mt Villa conglomerates are deposited onto a
Jurassic carbonate substratum and inﬁll an older, existing topography. The inﬁll of
an older topography shows that, at least for the lower part, the slope of the Jurassic
substratum represents in fact the paleo-margin of the Messinian valley. The exposed
paleo-margins here have an approximately 30◦south dipping margin. In the central
part of the section, few Mt villa conglomerate outcrops are found, however for the
most part, the area is covered with Quaternary alluvial sediments.
In Figure 6.10, a west-east section along the Ortovero group’s main axis is drawn.
From the map view trace of the basal contact along the southern side of the western
part of the Ortovero section (see also Fig. 6.7), it is seen that the trace displays a
gentle, eastward dipping trace that gradually crosses lower elevation contours. From
this an ∼10◦, east dipping basal contact surface is derived for the westernmost part
of the paleo-valley. Roughly at the town of Ortovero, the basal contact submerges
below the surface. The eastward portion of the Messinian valley is uncertain due to
the absence of data on the subsurface.
6.3.2 Shape of the Albenga Messinian valley
Integrating the above-discussed sections, a 3D image of the Albenga Messinian valley
is derived. The paleo-valley is characterised by steep (∼10-30◦) paleo-ﬂanks that dip
towards the central basin axis. In its central part, the paleo-valley has a deep, non-
exposed, eastward dipping central axis. A peculiar feature of the Albenga valley
is that it is composed of several small sub valleys separated by smaller ridges of
substratum, that together form one larger Messinian valley.
The minimum depth of the Albenga Messinian valley could only be assessed for
the western most part; based on the present day thickness of the Pliocene succession,
a minimum depth of ∼300 m is derived. The depth in the central and easternmost
part of the paleo-valley could not be reconstructed due to the absence of basal contact
outcrops. Extrapolating the geometry of the basal contact underneath the western-
most part towards the non-exposed parts underneath the central and easternmost
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inﬁll (see Figure 6.7 for location).
parts (at the coast), the base of the Messinian valley is located at ∼600 meter below
sea level. The absence of independent geological constraints (e.g. from well data),
however, makes this interpretation speculative.
The shape of the Albenga paleo-valley is an expression of the Neogene tectonic
setting of in this segment of the Ligurian Alps. From the (U-Th)/He and ﬁssion track
data it has been concluded that the Albenga region experienced its main exhumation
phase from the late Oligocene to the middle Miocene, following which exhumation
ceased. Between the ﬁnal stages of exhumation and the onset of the Messinian, a
drainage pattern likely had formed, favouring erosion during the base level fall of
the Messinian salinity crisis. The fact that in the Albenga segment of the Ligurian
Alps, an accelerated Messinian denudation phase such as discussed in chapter 4 has
not been detected in the (U-Th)/He and ﬁssion track data, furthermore suggests
that erosion concentrated along pre-existing drainage systems, rather than aﬀecting
a wider area. For the formation of a possible Messinian valley, this would imply
that it would develop in a “classic” V-shape (Clauzon et al., 1996), rather than the
open structure such has been discussed in for example chapter 4. The shape of the
Albenga Messinian valley, thus resembles the pattern and style of Messinian valleys
also observed in other coastal areas of the western Mediterranean (Chumakov, 1973;
Clauzon, 1979, 1982). Following the Mediterranean sea level rise at the onset of the
Pliocene, the Albenga Messinian valley was transgressed whereby the Pliocene inﬁll
fossilised the Messinian paleo-valley morphology.
6.4 Seismic analysis of the Ligurian margin and
basin, oﬀshore Albenga
The data presented in the previous sections showed that during the Neogene to
Present, the Albenga segment of the Ligurian Alps was characterised by relatively
moderate vertical movements, which strongly aﬀected the Messinian to present mor-
phological evolution. To connect the onshore Ligurian Alps to the oﬀshore domain
a seismic line, seismic line MS-36 was analysed (Fig. 6.11). The original MS-36 line
starts approximately 10 km oﬀshore Albenga and, heading in WNW-ESE direction,
crosses the Ligurian basin towards the northern Apennines. For this study, only
the WNW-part of the line (between shotpoint 0 to 850) has been interpreted (Fig.
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Figure 6.11: Location map of seismic line MS-36 in the Ligurian Sea
6.12), as it images the direct continuation of the onshore transect. At shotpoint 40,
MS-36 intersects with line MS-37 (discussed in chapter 5, section 5.4.2). For details
on the seismic acquisition and process parameters, the reader is referred to chapter
5, section 5.4.1
6.4.1 Seismic facies and interpretation
Seismic line MS-36 is strongly characterised by a highly irregular and discontinu-
ous sea ﬂoor (Fig. 6.12). Along the westernmost part of the line, representing the
lower part of the Ligurian margin, the sea ﬂoor shows an elevated segment (between
shotpoint 0-100), followed by a steep slope (shotpoint 100-150). In the Ligurian
basin, the sea ﬂoor appears as a highly irregular surface, dissected by a large domal
structure (between shotpoints 320 to 550). This dome, known as the Mt Doria, is
a large submarine volcano of which the top basalt layers have been dated 12-11 Ma
(Sosson and Guennoc (1997), cited in Rollet et al., 1999). Smaller undulations in
the sea ﬂoor topography are seen at the western and eastern side of the Mt Doria.
The irregular sea ﬂoor, the presence of the Mt Doria and the absence of well data,
complicate the interpretation of this seismic line.
Four seismic units are identiﬁed on line MS-36, which are labelled from bottom
to top unit 1 to 4. Unit 1 is characterised by transparent, chaotic and discontinuous
reﬂectors and is interpreted as the acoustic basement (AB) and the volcanics of the
Mt Doria. The reﬂectors of unit 1 can be traced from the deepest levels of the
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line to the surface along the slope of the Ligurian margin and at the Mt Doria.
Seismic unit 2 show layered, relatively continuous high amplitude reﬂectors. The
seismic pattern of this unit is not laterally continuous. They are better resolved
between shotpoints 140 to 220 and 620 to 700. Unit 2 is also characterised by lateral
variations in thickness. Along the western side of the Mt Doria, the thickness of
the unit is approximately 1 sec TWT, while on the eastern side it decreases from
roughly 1 sec TWT to zero. Based on the seismic pattern unit 2 is interpreted as
the Messinian upper evaporites (see for example, Montadert et al., 1978).
A high amplitude continuous reﬂector marks the transition between unit 2 and
the overlying seismic unit 3. Wavy, discontinuous and chaotic reﬂectors characterise
unit 3. This seismic unit corresponds to approximately the uppermost 0.5 sec TWT
of the seismic line. Between shotpoint 600 and 800 a clear internal unconformity
could be mapped. Barbetsea et al. (1982) dated the unconformity within the Plio-
Quaternary sequence as middle Pliocene. However, as this internal unconformity
could not be recognised elsewhere in the line, the entire unit 3 is interpreted as
Plio/Quaternary sequences.
6.4.2 Uplift and subsidence of the Ligurian margin and basin
The deformation of the Messinian and Plio/Quaternary reﬂectors observed on line
MS-36 (Fig. 6.12) shows that the late Neogene evolution of the Ligurian margin has
been in contrast to what has been observed in the onshore Ligurian Alps. In addition,
the observed displacement on the seismic line is in contrast to that documented in
the Taggia region, which was characterised by continuous and parallel reﬂectors.
The seismic reﬂectors of line MS-36 cannot be traced continuously. Particu-
larly, the reﬂectors of unit 2 and 3 are tilted and cut by several low oﬀset faults.
Deformation is mainly concentrated between shotpoints 150-350 and shows a pre-
dominantly westward tilting of the reﬂectors. However, other deformed reﬂectors
could be mapped at the upper part of the Ligurian margin (between shotpoint 20
to 40) and immediate east of the Mt Doria (between shotpoints 500 to 650). In
order to quantify displacement along the studied line, the top reﬂector of the Upper
evaporites (the M-reﬂector) is taken for reference (following Bigot-Cormier, 2002;
Chaumillon et al., 1994). It is assumed that the Plio-Quaternary sequence (unit 3)
followed the vertical movements of the M-reﬂector.
The M-reﬂector appears as a wavy and discontinuous reﬂector located at a depth
of 1.4 sec TWT between shotpoint 0 to 40. Absent between shotpoint 90 to 150,
the M-reﬂector is found at a depth of ∼3.5 sec TWT between shotpoint 170-240,
indicating that this reﬂector has been oﬀset for approximately 2 sec TWT. Assuming
a velocity of 1500 m/sec for water and 2000 m/sec for the Plio-quaternary sequence
(velocities after Finetti and Morelli, 1973), the M-reﬂector has experienced a vertical
displacement of roughly 2250 m along the Ligurian margin.
Between shotpoint 280 to 320, the M-reﬂector is located at a depth of 3.8 sec
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TWT, suggesting an additional vertical oﬀset of few hundred meters. Vertical dis-
placement is also clearly observed in the Plio-Quaternary sequence and indicated
by oﬀset of the sea ﬂoor. Vertical oﬀset occurred along an eastward dipping fault.
Minor faults, displacing the Plio-Quaternary succession are observed at the foot of
the Mt Doria. The above-discussed displacement along the lower Ligurian mar-
gin is comparable to values obtained by Bigot-Cormier (2002), who estimated the
displacement in this segment at roughly 2000 m.
The displacement documented by the unit 2 and 3 indicates that, in this seg-
ment of the Ligurian margin and basin, signiﬁcant deformation has occurred during
the last 5 Ma. The displacement of the sea ﬂoor indicates that deformation is still
ongoing. The observations are further proof of active deformation along the Lig-
urian margin (Chaumillon et al., 1994; Mauﬀret et al., 1981; Re´hault et al., 1985;
Rollet, 1999). Chaumillon et al. (1994), documented between 500 to 800 m of Plio-
Quaternary displacement, which they attributed to uplift resulting from ﬂexure of
the Ligurian margin under compression. However, the combined (U-Th)/He and
ﬁssion track data and analysis of the Pliocene sediments in the Albenga (onshore)
region show that in the last 5 Ma, uplift in the onshore segment has been in the
order of 500 m. Although other authors attributed the subsidence of the Ligurian
basin to a long-term thermal subsidence of the basin (Re´hault et al., 1985; Rollet,
1999), the data presented here, however, show that a signiﬁcant part of the sub-
sidence occurred post-Pliocene. Bigot-Cormier (2002) attributed the post-Pliocene
displacement to oﬀset along the frontal ramp of a thrust located at the foot of the
margin. This resulted in a northward tilting of the Messinian and Plio/quaternary
sequences (Bigot-Cormier, 2002). However, the tilting and displacement of the Mes-
sinian and Plio/Quaternary reﬂectors along the frontal ramp of the thrust alone is
insuﬃcient to explain the total amount of observed displacement between the Lig-
urian margin and basin since the Pliocene. It is therefore concluded that a signiﬁcant
part of the observed Plio/Quaternary displacement along the Ligurian margin is in
fact not the result from uplift of the margin, but results from a downward movement
of the Ligurian basin itself. However, the lack of well data does not allow a well-
constrained reconstruction of the subsidence pattern for this part of the Ligurian
basin.
6.5 Conclusions
Detrital apatite (U-Th)/He and ﬁssion track studies conducted in the Albenga region
have shown that exhumation in this segment of the Ligurian Alps has its peak
evolution from roughly the late Oligocene to the middle Miocene. Exhumation
occurred at slow rates, in the order of 0.1 mm/yr. During this interval, a rock
column of approximately 2 km has been removed. The evolution of the Albenga
region therefore diﬀers signiﬁcantly from that obtained towards the western Ligurian
Alps near for example Ventimiglia.
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The (U-Th)/He and ﬁssion track data indicate that the morphology of the Al-
benga region is older than that discussed for e.g. the Ventimiglia area. During
the Messinian salinity crisis, this segment of the Ligurian chain was deeply incised
along pre-existing drainage systems. Following the sea level rise at the onset of
the Pliocene, the paleo-system was transgressed. Pliocene, marine deposits thereby
fossilised the Messinian morphology. Based on several cross sections through this
paleo-drainage system, the shape of the Albenga Messinian valley was reconstructed.
Analysis of the shape of the Albenga Messinian valley has shown that it has a
strong V-shape, which is characterised by a deep central axis. Morphological anal-
ysis has shown that in the Albenga valley the paleo-margins of the valley have of-
ten been preserved, which are characterised by approximately 20-30◦dipping slopes.
Post-Pliocene erosion has not been profound enough to remove these paleo-slopes;
consequently, the present day topography is narrower than the Messinian/Pliocene
topography.
Analysis of a seismic line that continues directly oﬀshore Albenga shows that
signiﬁcant post-Pliocene deformation has occurred along the Ligurian margin and
basin. Based on the characteristic top reﬂector of the Messinian upper evaporites,
the total vertical displacement has been estimated to be approximately 1500 m.
Integrating the onshore thermochronological and Pliocene outcrop data with the
oﬀshore data from the seismic lines, it is concluded that a signiﬁcant part of the
observed displacement along the Ligurian margin (roughly 1000 m) is results from
a downward movement of the Ligurian basin, rather than uplift of the margin and
onshore Ligurian Alps.
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Tectono-morphological evolution of the
Ligurian Alps and adjacent basin:
Mechanisms controlling the architecture of
the chain and basin: Synthesis and
Conclusions
7.1 Synthesis of presented work
In this thesis, the Neogene to Present tectono-morphological evolution of the Lig-
urian Alps and adjacent Liguro-Provenc¸al basin has been studied. The main aims of
this work were 1) to gain gain a better understanding in the timing, rate and amount
of post-orogenic vertical movements that have occurred in the Ligurian Alps follow-
ing the main phase of Alpine orogeny, 2) to constrain the morphology and origin
of several small basins hosting Pliocene sediments along the Ligurian coast, 3) to
understand the kinematics and mechanisms that control the Neogene to Present
exhumation history of the Ligurian Alps and subsidence in the adjacent Liguro-
Provenc¸al basin, 4) to reconstruct the mode of long-term landscape evolution in the
Ligurian Alps and 5) to use the low temperature thermochronometers (U-Th)/He
and ﬁssion track for studying the interplay between large scale tectonic processes
and externally induced (base level fall, climate changes) morphological processes.
To this aim, an integrated approach was adopted. The long-term cooling and
exhumation history has been studied by means of low-temperature (U-Th)/He and
ﬁssion track thermochronology. Samples were collected along three transects located
at high angle to the strike of the Ligurian Alpine chain. Integrating these results
with observations on the structural, sedimentological and morphological evolution of
small basins hosting Pliocene sediments along the Ligurian coastal regions resulted
in a reconstruction of the late Neogene morphology of the Ligurian Alps. To relate
the onshore record to the oﬀshore domain, several seismic lines have been repro-
cessed, analysed and discussed.
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In Chapter 1 and 2, an outline of this thesis and an introduction to the geolog-
ical setting of the Ligurian region is presented. In Chapter 3, the application and
underlying assumptions of the thermochronological techniques used in this thesis
are described. Furthermore, the results of a thermal modelling study have been
presented. In this model study, it has been investigated how isotherms relevant to
(U-Th)/He dating warp when topography develops and how this is expressed by
the He ages in an age-elevation diagram. This study has demonstrated that, de-
pending on the imposed landscape evolution, He ages will produce different proﬁles
(or slopes) when plotted against elevation. The apatite (U-Th)/He system, there-
fore, is likely to detect (subtle) diﬀerences in the rates, timing and development
of landscapes. Furthermore, it has been shown that for relative small topographic
wavelengths and amplitudes (< 4km), overestimation of denudation rates obtained
from an age-elevation relation is negligible for low denudation rates (<1 km/Ma),
but might be important towards higher denudation rates (> 2 km/Ma).
The tectono-morphological evolution of the Ligurian Alps has been discussed in
chapters 4 to 6. Chapter 4 focuses on the exhumation history of the western Lig-
urian Alps, near Ventimiglia. (U-Th)/He and ﬁssion track data show that this region
experienced more than 4 km of exhumation at a rate of ∼0.4 mm/yr from the late
Miocene which is still ongoing. Exhumation is partly accommodated along a north-
ward dipping thrust, which emerges oﬀshore at the foot of the Ligurian margin.
Integration of the thermochronological data with Pliocene sediments outcropping
along the coast demonstrated that in the upper late Miocene the area experienced
an accelerated denudation phase at 1 mm/yr. This accelerated denudation phase
has been associated with the base level fall of the Mediterranean during the Messin-
ian salinity crisis (MSC) and resulted in a subdued relief in the Ventimiglia region.
During the MSC, an open and wide basin formed in the coastal Ventimiglia area.
Following the Pliocene sea level rise, this paleo-valley was ﬁlled with Pliocene ma-
rine sediments and subsequently uplifted to its present day position. The Ventimiglia
Messinian valley is approximately 10 km wide and is characterised by 5-10◦, towards
the valleyst’ central axis dipping ﬂanks. In its central part the Messinian valley has
a (sub)horizontal valley ﬂoor which, at the coast, coincides with present-day sea
level. Integration of sedimentological observations on the Pliocene sediments with
present day geomorphological observations allowed a reconstruction of the Pliocene
Ventimiglia hinterland morphology and showed that the Ventimiglia hinterland dur-
ing Pliocene deposition had an embayment-like, wide plain that extended for some
10 km.
In Chapter 5, the tectonic evolution of the Taggia area has been reconstructed.
(U-Th)/He data obtained for this segment yielded late Miocene cooling ages from
which it is inferred that it experienced an exhumation/denudation history com-
parable to that derived for the Ventimiglia region. These conclusions are further
strengthened by analysis of the Messinian valley hosting Pliocene marine sediments,
which showed that it has an open structure, with 5-10◦towards the central basin
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axis dipping valley ﬂanks. Sedimentological observations on the Pliocene deposits
allowed a detailed reconstruction of the northern termination of the Messinian valley
with its underlying substratum. The onshore observations on the Taggia exhumation
history and the evolution of the Messinian valley have been extended to the oﬀshore
domain by analysing two seismic lines, one located perpendicular and one parallel to
the Ligurian coast. The seismic study showed no evidence for a continuation of the
Messinian valley oﬀshore, thus corroborating the onshore observation on the mor-
phology of the Messinian valley. Furthermore, it was shown that Neogene reﬂectors
in the Liguro-Provenc¸al basin are rather continuous and lack deformation. Defor-
mation is concentrated at the Ligurian margin-basin transition and above saltdomes
originating from the Messinian salt succession.
Chapter 6 focussed on the exhumation history of the Albenga segment of the Lig-
urian Alps. The (U-Th)/He and ﬁssion track data produced in this chapter document
late Oligocene to middle Miocene cooling ages. Thermal modelling of apatite He and
AFT data shows that the Albenga segment experienced slow exhumation during the
late Oligocene to late Miocene. Consequently, the morphology in the Albenga region
is older than in the western segments of the Ligurian Alpine chain. During the Mes-
sinian base level fall, erosion concentrated along pre-existing drainage systems that
eroded deeply in the pre-Messinian topography, resulting in a Messinian valley mor-
phologically different from that of the Ventimiglia and Taggia Messinian valleys. The
Albenga Messinian valley is characterised by a deep, and probably V-shaped, cen-
tral valley with steep, 20-30◦dipping, paleo-valley ﬂanks. Seismic evidence from the
oﬀshore Albenga area shows that reﬂectors in the basin, interpreted as late Neogene
sediments, are tilted, displaced and deformed. Based on the late Neogene reﬂectors
present along the Ligurian margin and in the basin, a post-Messinian displacement
of ∼2250 m along the Ligurian margin has been documented.
In this chapter, data from chapters 4 to 6 are integrated and placed in a regional
framework in order to explain the Neogene tectonic evolution of the Ligurian region
within the western Mediterranean domain.
7.2 The Ligurian Alps and adjacent basin within
the western Mediterranean region
7.2.1 The Ligurian Alps
The apatite (U-Th)/He and FT data produced in this thesis show that cooling
ages obtained from the Ligurian Alps postdate the Alpine orogenic phase implying
that signiﬁcant vertical movements have occurred following the Alpine contraction
stages (Dewey et al., 1989; Gueguen et al., 1998; Vanossi et al., 1994). The data
indicate a distinctive spatial pattern of cooling ages that become younger from the
eastern segment (around Albenga, late Oligocene to middle Miocene) towards the
west (Ventimiglia and Taggia surroundings, late Miocene).
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The late Oligocene to middle Miocene cooling ages in the Albenga segment
of the Ligurian Alps coincide with rifting and subsequent ocean spreading in the
Liguro-Provenc¸al basin. The ages, therefore, are interpreted to reﬂect exhumation
associated with the rifting stage (e.g., Brown et al., 2000; Gallagher et al., 1995;
van der Beek et al., 1995). Following the cessation of spreading (∼19-16 Ma, e.g.
Chamoot-Rooke et al., 1992; Re´hault et al., 1985; Speranza et al., 2002), no major
exhumation has been detected in this segment of the Ligurian Alps. In contrast to
these observations, late Miocene cooling ages have been recorded towards the south-
western segment of the Ligurian Alpine chain demonstrating that important vertical
movements took place at a much later stage for this segment.
The apatite He and FT data presented in this study do not allow predictions
about whether the southwestward decrease in cooling ages proceeds at a constant
rate or is made up of a jump(i.e. along a (large-scale) fault). If the spatial pattern
in cooling ages results from oﬀset along a fault, it is likely that this fault would
have a NW-SE or NE-SW strike, given the predominantly fault orientation in the
Ligurian Alps (Boni, 1986; Marini, 1984). The diﬀerence in cooling ages between
the Ventimiglia and Albenga transects implies that signiﬁcant displacement must
have occurred along such a fault since the middle to late Miocene (and that is still
ongoing), which should be detected on a seismic line running parallel to the coast.
On the coast-parallel seismic line discussed in chapter 5, no indications for signiﬁcant
oﬀset along a fault in the late Neogene successions were found. This implies that
the southwestward younger cooling ages proceeded in a gradual way in the Ligurian
Alps. However, in order to solve this question in detail further thermochronological
study, of samples from a coastal parallel section is needed.
7.2.2 Regional cooling patterns in the Ligurian Alps
In Figure 7.1, the cooling ages produced for this thesis are plotted in order to re-
construct the regional exhumation pattern in the Ligurian Alps. The data set is
complemented with apatite ﬁssion track data on the Brianc¸onais-Piedmont zone
(from Barbieri et al., 2003) and the Argentera Massif (from Bigot-Cormier, 2002).
AFT data from the Brianc¸onais-Piedmont zone (regarded as part of the Internal
Alps) yield late Oligocene-early Miocene cooling ages (Barbieri et al., 2003), which
have been interpreted as the ﬁnal stages of a rapid (Oligocene) cooling event that
aﬀected tis part of the Ligurian Alps (Carrapa, 2002). Following the Oligocene cool-
ing event, no major vertical movements have been recorded in the Brianc¸onais unit
(Barbieri et al., 2003). These results are in accordance with the thermochronological
data produced for the Albenga region, which yielded similar ages and showed that
no major vertical movements have been detected following the middle Miocene.
From Figure 7.1 it is seen that the youngest cooling ages, matching those ob-
served in the Ventimiglia and Taggia area, are reported for the Argentera Massif,
which has been exhumed in the late Miocene to Quaternary (Bigot-Cormier, 2002).
However, the Argentera Massif is considered being part of the External Alps, while
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Figure 7.1: Digital elevation map of the Ligurian Alps showing the spatial distribution of
apatite (U-Th)/He and ﬁssion track ages produced in this study, combined with apatite
ﬁssion track ages of the Ligurian Alpine Penninic-Piedmont zone (hatch-ﬁlled stars, Barbieri
et al., 2003) and the Western Alpine Argentera Massif (dotted-ﬁlled stars, Bigot-Cormier,
2002).
the Cretaceous Helminthoid Flysch surrounding Ventimiglia and Taggia belong to
the Internal Alpine units. A reactivation of the structure separating these units,
the Frontal Penninic Thrust (FPT) has been considered by several authors to be
responsible for accommodating Neogene exhumation in the External Alps (Seward
and Mancktelow, 1994; Tricart et al., 2001). This is considered unlikely given that
He and AFT ages in the Ventimiglia do not display any age diﬀerence for samples
collected on either side of the FPT (see also section 7.2.1). A crustal scale structure
like the FPT (e.g., Ford et al., 1999; Sue et al., 1999) should be detected in the
oﬀshore continuation. No evidence was found for the presence of a large fault on the
coastal parallel seismic section, thus excluding the possibility of FPT activation.
It is therefore concluded that the exhumation pattern detected in the Ligurian
Alps corresponds to a regional pattern characterised by a general (south)westward
decrease in cooling ages. The trend denoted in cooling ages is corroborated by
structural studies conducted in the Nice Castellane Arc (SW of the Argentera Massif)
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Figure 7.2: Distribution of apatite ﬁssion track ages in the Western Alps. Original ﬁgure
taken from Fu¨genschuh and Schmid (2003) with references therein. Figure complemented
with AFT data from this study, Barbieri et al. (2003), Bigot-Cormier (2002) and Schwartz
(2000). TPB = Tertiary Piedmont Basin, FPT = Frontal Penninic Thrust and NT north
dipping thrust (Bigot-Cormier, 2002)
which have shown that deformation progressed in a SSW direction from the Miocene
to Pliocene (Champion et al., 2000; Laurent et al., 2000).
7.2.3 The Western Alps
The image arising from the spatial distribution of the cooling ages in the Ligurian
Alps is also observed in the larger framework of the western Alpine chain (Fig. 7.2).
In the Western Alps, zircon and apatite ﬁssion track data from Internal Alpine units
(the Brianc¸onais zone) yield late Oligocene to middle Miocene ages (e.g., Balestrieri
et al., 1999; Fu¨genschuh and Schmid, 2003 and references therein; Tricart et al.,
2001). Apatite and zircon FT studies on the External Alps and Crystalline Massifs,
such as the Pelvoux and the Mt Blanc, however, have shown that these massifs have
been exhumed only in the last 10 Ma (e.g., Fu¨genschuh et al., 1999; Fu¨genschuh and
Schmid, 2003; Seward and Mancktelow, 1994; Tricart et al., 2001).
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Several authors have explained the Western Alpine cooling pattern as a conse-
quence of a reactivation of the thrust front separating the External Alpine units from
the Internal units: the Frontal Penninic Thrust (FPT, e.g. Seward and Mancktelow,
1994; Tricart et al., 2001). Reactivation as a normal fault was further argued based
on geophysical observations (Sue et al., 1999) and structural analysis (Sue and Tri-
cart, 2003 and references therein). In a recent publication Fu¨genschuh et al. (2003),
however, disputed a reactivation of the FPT. These authors showed an overall gradi-
ent of steadily decreasing, rather than a discrete jump in apatite and zircon FT ages
from the internal to the external Alpine domain and over the FPT, which is com-
patible with data discussed in this thesis. Fu¨genschuh and Schmid (2003) attributed
the regional migration of cooling ages to a westward propagation in thrust activity.
The data presented in this thesis are compatible the observation of Fu¨genschuh and
Schmid (2003).
The similarities in spatial distribution of cooling ages in the both the Western and
Ligurian Alps suggest that their Neogene tectonic evolution is related. However, the
cause of the regional distribution in cooling ages remains open. In the northern and
central Western Alps, W-E directed tensional stress ﬁelds have been observed (e.g.,
Eva and Solarino, 1998; Sue and Tricart, 2003 and references therein). These mea-
surements have been corroborated by geodetic observations showing W-E directed
(extensional) horizontal displacements (Calais et al., 2000; Calais et al., 2002). In the
southern Western and Ligurian Alps, however, earthquake focal mechanisms suggest
that the region is characterised by a NW-SE directed compression (Bethoux, 1992;
Eva and Solarino, 1998; Reba¨ı et al., 1992). Present day geodetic measurements for
this region have shown NW-SE directed convergence rates at ∼1mm/yr (Calais et
al., 2002). The NW-SE compression in the southwestern Alps has been attributed to
the ongoing convergence of the African and European plates (Bethoux et al., 1992;
Reba¨ı et al., 1992).
In the Ligurian domain, Bigot-Cormier (2002) identiﬁed the existence of a north
dipping thrust front (NT in Figure 7.2). This thrust, trending oblique to the Lig-
urian coast, emerges at the Ligurian margin-basin transition. Onshore the thrust
continues along the southwestern portion of the Argentera Massif (roughly through
the Nice Castellane Arc), thereby accommodating part of the exhumation of the Ar-
gentera Massif (Bigot-Cormier, 2002). The presence of this thrust oﬀshore, has been
demonstrated by analysis of several seismic lines crossing the Ligurian and Provencal
margins. On these sections, northward tilted Messinian Upper Evaporites and Plio-
Quaternary successions have been identiﬁed (Bigot-Cormier, 2002). Furthermore,
deformation of the Plio-Quaternary sequences has been found roughly between Nice
(SE France) to Imperia (NE Italy); westwards of the Nice area, near the Proven-
c¸al foreland and the Maures and Esterel Massifs, the deformation of the seismic
reﬂectors on the margin is absent as continuous late Miocene and Plio-Quaternary
succession are found from the margin to the basin (Bigot-Cormier, 2002). Given the
local stress ﬁeld in this segment of the Western and Ligurian Alps, it is likely that
the exhumation detected in the Ligurian Alps is partly controlled by displacement
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along the north dipping thrust front.
7.2.4 Late Neogene subsidence in the Ligurian basin
The vertical movements detected in the Ligurian Alps are in contrast with the
Neogene evolution of their oﬀshore continuation, the northernmost segment of the
Liguro-Provenc¸al basin (hereafter referred to as the Ligurian basin). Following the
ocean spreading stage, the Ligurian basin experienced slow thermal subsidence (e.g.,
Re´hault et al., 1985). Based on analysis of several seismic lines, however, it has
been shown that the Ligurian basin experienced signiﬁcant subsidence along the
margin-basin from the Pliocene onward and which increases from west to east (e.g.,
Bigot-Cormier, 2002; Chaumillon et al., 1994). Although for the Taggia-seismic line
(chapter 5) displacement could not be calculated due to a lack of good stratigraphic
markers, Bigot-Cormier (2002) showed that it is roughly 1500 m. Based on analyses
of the Albenga-seismic line (chapter 6), ∼2250 m of (post) Pliocene oﬀset has been
calculated. Displacement along the Ligurian margin has regionally been observed
by Bigot-Cormier (2002), who documented an increase in displacement of ∼500 m
near Antibes (SE France) to more than 2000 m east of Imperia (Italy).
Chaumillon et al. (1994) attributed the Plio/Quaternary displacement to uplift of
the margins, whereby displacement was accommodated along a steep normal fault
system at the foot of the margin. However, in the previous chapters it has been
shown that (post) Pliocene uplift of the Ligurian margin, based on Pliocene con-
glomerates outcropping onshore, was in the order of 400 to 500 m, a value roughly
similar for both the Ventimiglia to Albenga regions. Uplift of the margin along a
system of normal faults therefore is insuﬃcient to explain the observed displacement.
Bigot-Cormier (2002) explained the observed displacement by oﬀset along the frontal
ramp of a thrust located at the foot of the margin. Displacement caused northward
tilting of the Messinian and Plio/quaternary sequences along the lower Ligurian
margin (Bigot-Cormier, 2002). The south dipping normal faults observed on the
seismic lines have been interpreted as collapse structures in front of the thrust ramp
(Bigot-Cormier, 2002). However, the tilting and displacement of the Messinian and
Plio/Quaternary reﬂectors along the frontal ramp of the thrust alone is insuﬃcient
to explain the total amount of observed displacement between the Ligurian margin
and basin since the Pliocene. It is therefore suggested here that an additional com-
ponent of subsidence has occurred (on top of the displacement along frontal ramp
of the Ligurian margin thrust), which is attributed to a downward movement of the
Ligurian basin itself. The seismic sections discussed in chapters 5 and 6, nonetheless,
do not allow predictions on the additional mechanisms controlling the subsidence.
Below several possible mechanisms are hypothesised.
Re´hault et al. (1985) discussed thermal subsidence following rifting and ocean
spreading but noted that the observed oceanic basement is deeper than predicted
by the theoretical values for oceanic cooling models of Parsons and Sclater (1977).
Basin modelling by Rollet (1999), although incorporating only rifting and neglecting
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ocean spreading, produced roughly 7 km of syn-rift and 2 km of post-rift subsidence
in the central Liguro-Provenc¸al basin (roughly from Corsica to the Gulf of Lyons).
Of the total post-rift subsidence, ∼1 km has occurred from the Messinian to Present
(Rollet, 1999). This is, however, insuﬃcient to explain the observed subsidence in
the Ligurian basin (Cloetingh et al., 1989; Re´hault et al., 1985).
Additional models incorporated an isostatic component in response to the un-
loading of seawater followed by loading of evaporitic sequences plus sea water during
and following the Messinian salinity crisis (Norman and Chase, 1986). According to
these authors, the Pliocene uplift of the Ligurian margins could be explained with an
isostatic adjustment. In this thesis, it has been shown that the Pliocene uplift of the
onshore Ligurian Alps tectonically controlled, rather than an isostatic adjustment.
Nonetheless, the reloading of the Mediterranean with seawater plus the Messinian
evaporate sequences might contribute to the observed longer-term subsidence of the
Ligurian basin.
A more hypothetical alternative that could explain the observed eastward in-
crease in subsidence might be invoked from the thermo-mechanical state of the Lig-
urian margin following rifting (e.g., van Wees and Stephenson, 1995; Ziegler and
Cloetingh, 2004). For rifts and passive margins that have undergone only a relative
short post rift evolution (e.g. 25 Ma), the crustal structure in the rift zone is, from a
rheological point of view, relatively weak (e.g., Ziegler and Cloetingh, 2004 and ref-
erences therein). Weak zones are inferred along for example pre-existing faults (van
Wees and Stephenson, 1995; Ziegler and Cloetingh, 2004 and references therein).
The Ligurian basin is located in a complex region as it is situated round the transi-
tion from true ocean-like and transitional domain (oﬀshore Ventimiglia and Taggia,
Rollet et al., 2002) to an area where ocean spreading never developed following rift-
ing (oﬀshore Albenga, Rollet et al., 2002). Although constraints on the nature of
the basement northwards of maximum limit of oceanic crust is not precisely known
(Rollet et al., 2002), it likely comprises rifted basement of the Brianc¸onais-Piedmont
zones. Along the margins normal fault systems developed in response to the rifting
(e.g., Fanucci, 1981; Re´hault et al., 1985). As at the present day NW-SE directed
compression is observed (Bethoux, 1992; Eva et al., 2001; Reba¨ı et al., 1992) in the
Ligurian basin an (future) inversion of the basin is likely to occur (e.g., Bethoux et
al., 1992; Mauﬀret et al., 1981). The pre-existing (rift related) normal faults thereby
could act as weaker zones along which the observed subsidence is facilitated possibly
associated with a thermal (isostatic) adjustment(e.g., van Wees, 1994; Ziegler and
Cloetingh, 2004).
In order to obtain a full understanding of the Plio-Quaternary subsidence ob-
served in the northernmost segment of the Liguro-Provenc¸al basin, an integrated
basin modelling study should be conducted, incorporating several different (above
mentioned) mechanisms.
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7.3 Neogene to Present evolution of the Ligurian
Alps and basin: a reconstruction
In order to summarise the main results obtained during this study (Fig. 7.3) and
place them in a broader regional setting the Neogene to Present evolution of the
Ligurian Alps and adjacent basin is reconstructed in ﬁve (paleo) geographic sketches
(Fig. 7.3).
Following the Alpine orogeny, the Ligurian Alps were involved during the late
Oligocene (Fig. 7.3a) to early Miocene in rifting between the northern Alpine main
land and a southern block composed of Corso-Sardinia and (future) Apennine Lig-
urides (e.g., Bortolotti et al., 2001; Gueguen et al., 1998; Re´hault et al., 1985; Vai,
2001). In the eastern Ligurian Alps, rifting is recorded by AFT data in both the
Helminthoid and in the Brianc¸onais and Piedmont zones (Barbieri et al., 2003), al-
though these last authors attributed the late Oligocene AFT ages as the ﬁnal stages
of a fast cooling event occurring in the eastern Ligurian Alps. Fission track data
from western Corsica document similar ages from which it has been inferred that
following rifting exhumation has ceased (Fellin, 2003; van Tellingen et al., 1995;
Zarki-Jakni et al., 2004). To the north of the Ligurian Alps, subsidence prevailed
in the Tertiary Piedmont basin (Carrapa et al., 2002; Gelati and Gnaccolini, 2003).
Towards the northeast, the Ligurian Alps were bordered by a basin from which the
late Oligocene transgression over the northern Ligurian Alpine units progressed (and
Fanucci, 1986; ’Mer Interior’ in Lorenz, 1984).
From the early Miocene to the middle Miocene (Fig. 7.3b), active exhumation
ceased in the eastern Ligurian Alps and shifted southwestwards as indicated by
the progressive youngening of apatite He and FT cooling ages. At the foot of the
Ligurian margin, basin transition a northward dipping thrust is developing along
which part of the exhumation is accommodated. Ocean spreading in the Ligurian
basin itself ceased (Chamoot-Rooke et al., 1992; Re´hault et al., 1985; Rollet et al.,
2002; Speranza et al., 2002) and migrated eastwards to the Tyrrhenian basin (e.g.,
Faccenna et al., 2001; Gueguen et al., 1998; Jolivet and Faccenna, 2000). In the
Apennines, uplift and exhumation of the Ligurides units initiated (e.g., Abbate et
al., 1999; Bortolotti et al., 2001). Subsidence, however, continued in the TPB (e.g.,
Carrapa et al., 2002; Gelati and Gnaccolini, 2003 and references therein). A possible
connection between the TPB and the Ligurian Sea might have existed (Gelati and
Gnaccolini, 2003).
During the Messinian (Fig. 7.3c), the region was aﬀected by the Messinian salin-
ity crisis (MSC). Superimposed on ongoing exhumation, the western Ligurian Alps
experienced an accelerated denudation phase associated with the base level fall of
the MSC. Throughout the Ligurian coastal regions, several small basins, known as
Messinian valleys, were eroded. In the oﬀshore domain, widespread erosion along the
Ligurian margin took place (Savoye and Piper, 1991), while in the basin itself, thick
deposits of evaporates and salts were deposited (e.g., Hsu¨ et al., 1973; Re´hault et
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Figure 7.3: Diagram summarising the main events in the Ligurian domain compared to
the regional tectonic events. In the late Oligocene to early Miocene, rifting and subsequent
spreading of the Ligurian basin took place. This is recorded by the apatite (U-Th)/He
and ﬁssion track data in the Albenga segment. Following the middle Miocene exhumation
ceased. Exhumation continued in the western Ligurian Alps (Ventimiglia and Taggia),
where late Miocene cooling ages are observed. During the base level fall of the Messinian
salinity crisis, several basins were incised along the coastal area of the Ligurian Alps.
Following the Pliocene sea level rise these basins were ﬁlled with Pliocene, marine deposits
and subsequently uplifted to their present day position.
al., 1985; Ryan and Cita, 1978). In the Western Alps, exhumation of the Argentera
Massif initiated (Bigot-Cormier, 2002), while in the TPB uplift of the basin started
(Carrapa, 2002 and references therein).
Following the sea level rise at the onset of the Pliocene (Fig. 7.3d), the coastal
regions of the Ligurian Alps were transgressed which progressed several kilometres
inland (with respect to present day coast line). During this transgression, Pliocene
marine sediments were deposited in the Messinian valleys thereby fossilising the Mes-
sinian morphology. Syn-sedimentary faulting accompanied deposition of the Pliocene
sediments, evidencing ongoing uplift of the Ligurian coastal regions. Exhumation in
the Ligurian Alps is at least partly accommodated along a north dipping thrust in
the Ligurian Alps. Towards the northwest, the exhumation of the Argentera Massif
continued (Bigot-Cormier, 2002). In the TPB, the Miocene successions were fur-
ther uplifted and deformed (Carrapa et al., 2002 and references therein). In the
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Ligurian basin, subsidence initiated accompanied by deformation along the margin
basin transition (Bigot-Cormier, 2002; Chaumillon et al., 1994).
In the present day setting (Fig. 7.3e), the Ligurian Alps is experiencing exhuma-
tion/uplift in its western segment. Active exhumation is also evidenced in the Ar-
gentera Massif (Bigot-Cormier, 2002), while structural studies showed active defor-
mation in the Nice Castellane Arc (Laurent et al., 2000). The architecture of the
Western and Ligurian chain is likely shaped by a counterclockwise rotation of the
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Adriatic indenter (Calais et al., 2002). In the oﬀshore Liguro-Provenc¸al basin, ac-
tive deformation is evidenced along the foot of the Ligurian margin (Bigot-Cormier,
2002; Chaumillon et al., 1994). The basin itself is characterised by increasing sub-
sidence from west to east, which is likely attributed to the ongoing convergence of
the Europe-Africa motion and/or by thermal weakness of the former rifted margin.
7.4 Geodynamic processes
The data presented in this thesis show that the Neogene to Present evolution of
the Ligurian Alps and adjacent basin is characterised by active tectonics, which is
more complex than previously assumed (e.g., Dewey et al., 1989; Gueguen et al.,
1998; Vanossi et al., 1994). Although the Ligurian Alps were involved in rifting
and spreading related to the opening of the Liguro-Provenc¸al basin (Dewey et al.,
1989; Faccenna et al., 2001; Jolivet and Faccenna, 2000; Re´hault et al., 1985), the
Ligurian Alps experienced very different post-rifting evolution than the “southern”
portion of the spreading zone, Corsica. Apatite ﬁssion track data on the western
segment of Corsica, produced early Miocene to late Oligocene (and older) ages, which
only reﬂect exhumation associated with rifting (e.g., Fellin, 2003; van Tellingen et al.,
1995; Zarki-Jakni et al., 2004). Indications for later stage exhumation in Corsica have
not been found, suggesting that there exists an important disconnection between the
evolutions of the two margins following the rifting and spreading stages.
The observed (south)westward youngening of cooling ages in the Western and
Ligurian Alps indicates a regional shift in active tectonics in these areas. The geo-
dynamic processes controlling recent western Alpine tectonics are, however, not pre-
cisely known (see e.g. Sue and Tricart, 2003 for a short overview on this topic).
In the recent past several models have been proposed explaining the Neogene to
Present tectonic setting in the Western Alps. Block-kinematic models involving a
counter-clockwise rotation of the Adriatic indenter have been proposed (e.g., Calais
et al., 2002; Collombet et al., 2002). These models have predicted extension in the
central parts of the Western Alpine chain, while NW-SE shortening is predicted for
previous page Figure 7.4: Paleo-reconstruction for the Ligurian Alps and surrounding basin
from the Late Oligocene to Present. A. Late Oligocene to early Miocene. Data on vertical move-
ments in the Ligurian Alps from this thesis and Barbieri et al. (2003). Rifting and possible
location of Corsica (Co) in the Ligurian basin after (Re´hault et al., 1985). Data on the Apennine
Ligurides from (Bortolotti et al., 2001; Vai, 2001). Basin to the northeast of the Ligurian Alps
from (Fanucci, 1986; Lorenz, 1984). Subsidence in the Tertiary Piedmont Basin (TPB) from (Car-
rapa et al., 2002). B. Middle Miocene. Vertical movements in the Ligurian Alps from this study.
Maximum extend of the oceanic domain in the Ligurian basin from (Rollet et al., 2002). Vertical
movements in the Apennine Ligurides from (Abbate et al., 1999). C. Late Miocene (Messinian).
Extent of the Messinian evaporates after (Re´hault et al., 1985). D. Early Pliocene. Exhumation in
the Argentera Massif and position of the thrust front in the Ligurian basin after (Bigot-Cormier,
2002). Deformation in the Nice arc from (Clauzon, 1978; Clauzon et al., 1996). E. Present day.
References for exhumation in the Argentera Massif under D. subsidence in the Ligurian basin after
(Bigot-Cormier, 2002; Chaumillon et al., 1994).
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the Ligurian Alps. Models involving a counter-clockwise rotation of the Adriatic
indenter are in accordance with present day geodetic and earthquake focal mech-
anisms observation (e.g., Bethoux, 1992; Calais et al., 2002). Alternative models
explaining the Neogene to Present setting in the western Alps may involve buoyancy
force related extension tectonics resulting from for example lithospheric slab break
oﬀ (e.g., Lyon-Caen and Molnar, 1989; von Blankenburg and Davies, 1995; Wortel
and Spakman, 2000) or the gravitational collapse of an overthickened crust (e.g.,
Molnar and Lyon-Caen, 1988).
The data presented in this thesis do not allow predictions on the large scale
geodynamic processes controlling the Neogene to present tectonics, however they do
provide important new constraints on the Neogene to Present evolution of a under
evaluated portion in the Western Alpine setting, the Italian Ligurian Alps. It has
been demonstrated that the region experienced signiﬁcant vertical motions following
the main Alpine orogeny that have not been detected previously. Based on present
day geodetic measurements Calais et al. (2002) argued that a counterclockwise ro-
tation of the Adriatic indenter with respect to the Western Alps best explains the
observed Neogene kinematics of the Western and Ligurian Alps. Therefore it is
likely, that the regional tectonic setting in the Ligurian Alps is related to the large-
scale geodynamic motions resulting from the western Alpine and Adriatic indenter
interactions. However, as also the NW-SE Europe-Africa plate motion interacts in
the region, a more complicated 3D kinematic setting arises for this Ligurian portion
of the Alpine chain.
As shown above, the late Neogene vertical movements detected in the Ligurian
Alps are largely controlled by regional (Alpine) tectonics. However, also on the
(western) Mediterranean scale, increased late Neogene vertical movements have been
detected along the margins and surrounding orogens (Balestrieri et al, 2003; Devoti
et al., 2002; Fitzgerald et al., 1999; Mauﬀret et al., 2001; Morgan and Ferna´ndez).
This suggest that the late Neogene vertical motions detected in the Ligurian Alps in
part reﬂect processes that do not only occur within the Western Alpine chain, but
might be part of geodynamic processes acting within the (western) Mediterranean
realm.
7.5 Conclusions
Using a multidisciplinary approach that integrates low temperature thermochronol-
ogy, structural, sedimentological and (geo) morphological analysis and interpreta-
tions of 2-D seismic data, new results on the Neogene evolution of the Ligurian
Alps and the adjacent Ligurian basin have been presented. This study has doc-
umented that the Ligurian region experienced a more complicate tectonic history
previously assumed. The Neogene to Present tectonic evolution of the Ligurian Alps
is characterized by signiﬁcant vertical movements that followed the main Alpine
contraction stages, while the Ligurian basin experienced signiﬁcant subsidence from
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the Plio/Quaternary on. The results produced in this study, highlight the need of a
multidisciplinary approach in order to deﬁne the different processes and their con-
tribution in the conﬁguration, evolution and origin of complex geological settings,
such as the Italian Ligurian Alps and orogenic belts in particular.
The implications arising from this study are important for the Western Alpine
geodynamic setting. Following the Alpine contraction stages and nappe emplace-
ment in the Ligurian Alps, the chain was involved in the rifting and subsequent
ocean spreading during the opening of the Liguro-Provenc¸al basin. The post-Alpine
setting therefore resembles a passive margin style tectonic setting, which in recent
time is thought to experience inversion (e.g., Bethoux et al., 1992; Mauﬀret et al.,
1981). It has been shown that along strike of the Ligurian Alps, different tectonic
patterns of uplift and exhumation have been detected. This suggests that margins
like these, do not develop in a continuing, static way, but can exhibit signiﬁcant
lateral variation, which most likely are controlled by large-scale (crustal) processes
(e.g., Brown et al., 2000; Gunnell et al., 2003; Hendriks and Andriessen, 2002; Omar
and Steckler, 1995; van Balen et al., 1995; van der Beek et al., 1995).
Of the thermochronological tools adopted in this study, the (U-Th)/He method
has been the most challenging as the renewed interest in He dating as a low tem-
perature thermochronometer is rapidly expanding. This study is among the ﬁrst to
successfully use detrital apatites derived from unmetamorphosed sedimentary rocks.
Until now, these apatites have often been regarded as unsuitable for He dating
(Ehlers and Farley, 2003). Although problems were encountered during the mea-
surements, the results from this thesis show that, when carefully applied, detrital
apatites can successfully be used, thus making available larger geological regions
where this technique can be applied.
The (U-Th)/He method has demonstrated its applicability to tectono morpho-
logical studies where the interplay between large-scale tectonic processes and their
surface expression are investigated. The thermal model study discussed in chapter 3
predicted that He ages are sensitive to detect subtle changes in landscape evolution,
which has been demonstrated in practise in the study on the Ligurian Alps. In this
study it has been demonstrated that integration of the low temperature sensitivity
of the apatite (U-Th)/He system with independent geological constraints can be
used to discriminate between long-term tectonic induced vertical motions (i.e. long-
term exhumation processes) and shorter lived pulses that are related to external
forces such as a sudden drop in base level. The conclusions reached have impor-
tant implications to the application of the apatite (U-Th)/He thermochronometer
for studies focussing in the interactions between climate and tectonics (e.g., Beau-
mont et al., 2000; Cloetingh et al., 2003; Juez-Larre´ et al., 2004; Montgomery and
Brandon, 2002; Peizhen et al., 2001; Raymo and Ruddiman, 1992; Reiners et al.,
2003; Zhisheng et al., 2001) and show that apatite (U-Th)/He dating in potential
is a powerful technique for better understanding the interplay between large-scale
tectonic process and their surface expression as controlled by for example climate
interactions.
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